Whiting Events Off Southwest Florida: Remote Sensing and Field Observations by Long, Jacqueline
University of South Florida
Scholar Commons
Graduate Theses and Dissertations Graduate School
11-2-2016
Whiting Events Off Southwest Florida: Remote
Sensing and Field Observations
Jacqueline Long
University of South Florida, jstorylong@gmail.com
Follow this and additional works at: http://scholarcommons.usf.edu/etd
Part of the Aquaculture and Fisheries Commons, Biogeochemistry Commons, and the
Environmental Sciences Commons
This Thesis is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in Graduate
Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact scholarcommons@usf.edu.
Scholar Commons Citation
Long, Jacqueline, "Whiting Events Off Southwest Florida: Remote Sensing and Field Observations" (2016). Graduate Theses and
Dissertations.
http://scholarcommons.usf.edu/etd/6535
 
 
	
 
 
 
 
Whiting Events Off Southwest Florida: Remote Sensing and Field Observations 
 
 
 
by 
 
 
 
Jacqueline Story Long 
 
 
 
 
A thesis submitted in partial fulfillment 
of the requirements for the degree of 
Master of Arts 
College of Marine Science 
University of South Florida 
 
 
 
Major Professor: Chuanmin Hu, Ph.D. 
Lisa Robbins, Ph.D. 
Robert Byrne, Ph.D. 
John Paul, Ph.D. 
 
 
Date of Approval: 
November 2, 2016 
 
 
Keywords: whiting, calcium carbonate, precipitation, southwest Florida 
 
Copyright © 2016, Jacqueline Story Long 
  
 
 
 
 
 
 
 
DEDICATION 
 
 This thesis is dedicated to my parents, Margo Love Story and Francis Bart Long, for their 
unconditional support throughout my life.  To my boyfriend, best friend, field captain, and lab 
assistant, Andrew Ropp.  And finally, to the many friends who have given me emotional support 
and guidance in my research, I hope that I can pay back all that you have given me throughout 
these past years. 
  
 
 
 
 
 
 
 
ACKNOWLEDGMENTS 
 
 The successful completion of this degree is attributed to the guidance of Dr. Chuanmin Hu.  
I am enormously grateful for being accepted into your lab, where you have created an environment 
driven by creativity and self-discipline.  The diversity of projects and accomplishments of your 
students are a reflection of your leadership and support.  I am extremely thankful for the guidance 
of my committee members: Dr. Robert Byrne, Dr. John Paul, and Dr. Lisa Robbins.  Thank you 
Dr. Byrne for sharing your expertise in the field of carbonate sciences to help me understand the 
possibilities behind whiting formation and persistence.  Thank you Dr. Paul for introducing me to 
the crazy world of microbiology and offering multiple trainings in laboratory techniques.  Thank 
you Dr. Robbins for sharing your enthusiasm and years of knowledge on the subject of whitings 
as well as guiding me through my first field campaigns.  Much of the methods and resources used 
to gather in-situ samples were only possible with your support.  There are many friends and 
colleagues within the USF Optical Oceanography Laboratory whom I can attribute the completion 
of this thesis to.  Thank you Jen Cannizzaro and David English for your guidance in all field-
related projects.  From calibrating and gathering necessary tools to training and data management, 
so much of Chapter 3 was aided by your help.  Thank you Brian Barnes, Shuangling Chen, Robert 
Hardy, Shaojie Sun, and (especially) Mengqiu Wang for your patience in teaching me satellite 
image processing and IDL programming.  Without the around-the-clock efforts of Brock Murch 
in keeping the computer environment and MODIS same-day image processing running, rapid 
response for in-situ sampling and the capability to efficiently run large programs would not be 
 
 
possible.  To my friends and family, especially Stephanie Lawler and Brittany Leigh, thank you 
for your care and support in this endeavor. And to Andrew: thank you for your intimate support in 
this project, from helping me emotionally to pulling all-nighters in the lab doing sample 
preparations, your impact on the success of this project has enormous depth.   
 The availability of free MODIS data (provided by US NASA Goddard Space Flight Center) 
was essential to the spatio-temporal analysis of whitings.  Funding for this project was provided 
by a NASA grant NNX14AL98G.  Additional funding was provided by the Southern Kingfish 
Association's Fellowship and the Carl Riggs Fellowship in Marine Science, both through the 
University of South Florida, College of Marine Science. 
 
 
i 
 
 
 
 
 
 
TABLE OF CONTENTS 
 
LIST OF TABLES ......................................................................................................................... iii 
 
LIST OF FIGURES ....................................................................................................................... iv 
 
ABSTRACT .................................................................................................................................. vii 
 
CHAPTER 1: PAST THEORIES OF WHITING FORMATION AND CURRENT  
 RESEARCH OBJECTIVES ................................................................................................1 
 1.1 Whiting Properties And Past Theories Of Formation ....................................................1 
  1.1.1 Resuspension From Bottom Sediment ............................................................2 
  1.1.2 Direct Precipitation Within the Water Column ..............................................4 
  1.1.3 Biogenic Precipitation .....................................................................................5 
  1.1.4 Discussion .......................................................................................................8 
 1.2 Study Site and Objectives ............................................................................................10 
 1.3 Thesis Overview and Structure ....................................................................................16 
 
CHAPTER 2: SPATIO-TEMPORAL DISTRIBUTIONS OF SWFL WHITINGS .....................17 
 2.1 Introduction ..................................................................................................................17 
 2.2 Materials and Methods .................................................................................................19 
  2.2.1 MODIS Image Processing, Whiting Image Selection and Feature  
  Delineation .............................................................................................................19 
  2.2.2 Statistical Analysis ........................................................................................23 
  2.2.3 Meteorological and Environmental Data ......................................................24 
 2.3 Results ..........................................................................................................................25 
  2.3.1 Spatio-temporal Variability: Annual .............................................................25 
  2.3.2 Spatio-temporal Variability: Seasonal and Daily .........................................27 
 2.4 Discussion ....................................................................................................................30 
  2.4.1 Annual Variability ........................................................................................30 
  2.4.2 Seasonal Variability ......................................................................................35 
  2.4.3 Monthly Whiting Variability ........................................................................36 
 2.5 Summary and Conclusions ..........................................................................................38 
 2.6 Acknowledgements ......................................................................................................39 
 
CHAPTER 3: IN SITU CHARACTERISTICS OF SWFL WHITINGS ......................................41 
 3.1 Introduction ..................................................................................................................41 
 3.2 Materials and Methods .................................................................................................42 
  3.2.1 Collection and Preparation of Marine Microbes for Microscopic 
  and SEM Analysis..................................................................................................44 
ii 
3.2.2 Collection and Measurement of the Carbonate Parameters ..........................46 
3.2.3 Optical In Situ Measurements .......................................................................46 
3.2.4 Sediment Grain-Size Analysis ......................................................................47 
3.3 Results ..........................................................................................................................48 
3.3.1 SEM and Taxonomy .....................................................................................48 
3.3.2 Carbonate Parameters and EDS ....................................................................61 
3.3.3 Optical Properties ..........................................................................................62 
3.3.4 Bottom Sediment Grain Size ........................................................................65 
3.4  Discussion ...................................................................................................................66 
3.4.1 Potential Whiting Mediation by Thalassiosira sp. ........................................67 
3.4.2 Chemical Constituents ..................................................................................71 
3.4.3 Optical Properties ..........................................................................................72 
3.4.4 Resuspension of local bottom sediment ........................................................73 
3.5 Summary and Conclusions ..........................................................................................74 
3.6 Acknowledgments ........................................................................................................76 
CHAPTER 4: CONCLUSIONS AND FUTURE WORK .............................................................77 
REFERENCES ..............................................................................................................................82 
APPENDICES ...............................................................................................................................92 
Appendix: Chapter 2 ..........................................................................................................92 
Appendix: Chapter 3 ..........................................................................................................94 
ABOUT THE AUTHOR ................................................................................................... End Page 
iii 
LIST OF TABLES 
Table 1.1.  Average nutrient concentrations in SWFL coastal waters (December – June). ..........11 
Table 1.2.  The monthly components of each meteorological season (winter, spring, 
summer, and autumn). ..................................................................................................15 
Table 2.1.  Mean statistics for each year. .......................................................................................28 
Table 2.2.  Annual mean whiting coverage in and out based on two divisions (20 km 
and 40 km from the coastline). ....................................................................................33 
Table 2.3.  Multivariate linear regression statistics for multiple environmental varia- 
 bles vs. mean annual whiting coverage for each division of 20 km and  
40 km. ..........................................................................................................................34 
Table 3.1.  An overview of sampling conditions, collection techniques, and processing 
 methods. ......................................................................................................................43 
Table 3.2.  Cell count averages of phyoerythrin-containing picoplankton, phycocyanin- 
 containing picoplankton and Thalassiosira spp. during multiple whiting  
conditions. ....................................................................................................................49 
Table 3.3.  Salinity and chl-a concentrations for water samples collected on April 
18, 2014........................................................................................................................64 
Table B.1.  Marine microbe taxonomy for samples collected on September 21, 2014.. ...............94 
Table B.2.  Marine microbe taxonomy for samples collected on November 9, 2014.. .................96 
Table B.3.  Marine microbe taxonomy for samples collected on April 18, 2015. .........................99 
Table B.4.  Carbonate parameters of inside whiting water (W01 & W02), contigious 
 water (ENP19), and outside water (ENP18).. ...........................................................101 
 
 
iv 
 
 
 
 
 
LIST OF FIGURES 
 
Figure 1.1.   Biochemical processes of extracellular microbial precipitation. ................................8 
 
Figure 1.2.   Study site map. ..........................................................................................................12 
 
Figure 1.3.   A whiting event captured on October 29, 2013. .......................................................13 
 
Figure 1.4.   The effect of wind speed on platform-scale sediment resuspension in SWFL. ........15 
 
Figure 2.1.   Comparison of same-day (December 8, 2013) MODIS and Landsat images. ..........18 
 
Figure 2.2.   Final ROI image generation. .....................................................................................21 
 
Figure 2.3.   A threshold method of whiting delineation. .............................................................22 
 
Figure 2.4.   Frequency map generation. .......................................................................................24 
 
Figure 2.5.   Mean whiting frequency and distribution over the entire study period (2003 
  – 2015). ....................................................................................................................26 
 
Figure 2.6.   Annual mean whiting frequency and distribution. ....................................................26 
 
Figure 2.7.   Mean seasonal whiting coverage from 2003 – 2015. ...............................................27 
 
Figure 2.8.   Average seasonal distributions of whiting frequency for the entire study 
 period. .......................................................................................................................29 
 
Figure 2.9.   Average daily whiting coverage of whiting days (black), annual mean  
  whiting coverage (purple), and the un-weighted annual mean whiting  
  coverage for each year. .............................................................................................29 
 
Figure 2.10.  Linear regressions of annual whiting coverage with SST, wind speed, and  
 river discharge and counts of daily whiting occurence at multiple sind speed  
 intervals. ....................................................................................................................31 
 
Figure 2.11.  Coastline buffer masks whiting distribution analysis. ..............................................32 
 
Figure 2.12.  Relationship between the percent of whiting coverage at each distribution  
 versus total annual mean whiting coverage. .............................................................35 
 
v 
Figure 2.13.  Linear regression between environmental variables and mean monthly 
whiting coverage when the coverage is > 1 km2. .....................................................38 
Figure 3.1.   True-color photographs of whiting perimeters. ........................................................42 
Figure 3.2.   Sampling stations. .....................................................................................................44 
Figure 3.3.   Relative phytoplankton abundance of samples collected on September 21, 
2014 (pre-whiting). ...................................................................................................50 
Figure 3.4.   Relative phytoplankton abundance of samples collected on November 7, 
2014 (post-whiting). ..................................................................................................51 
Figure 3.5.   Relative phytoplankton abundance of samples collected on April 18, 2015 
 (during whiting). ......................................................................................................52 
Figure 3.6.   The size fractionation of Thalassiosira spp. over multiple whiting 
  conditions. ...............................................................................................................53 
Figure 3.7.   Cell counts of phycoerythrin-containing and phyocyanin-containing      
picophytoplankton. ....................................................................................................53 
Figure 3.8.   SEM photomicrographs of SWFL whiting sediment. ...............................................55 
Figure 3.9.   SEM photomicrographs of Thalassiosira sp. with encrustations. .............................56 
Figure 3.10.  SEM photomicrographs of Thalassiosira sp. and mineral attachments. ...................57 
Figure 3.11.  SEM photomicrographs of diatoms and picophytoplankton present within 
whiting sediment. ......................................................................................................58 
Figure 3.12.  EDS of particles surrounding a Thalassiosira sp. frustule. .......................................59 
Figure 3.13.  EDS analysis of three particle locations surrounding a single 
Thalassiosira sp. cell. ................................................................................................60 
Figure 3.14.  Fully developed calcium carbonate crystal attached to a Thalassiosira sp. 
frustule. .....................................................................................................................61 
Figure 3.15.  Carbonate parameters, [TA], [TCO2], pH, [pCO2], the saturation states 
 (Ω) of calcite and aragonite, and [CO2] inside, at the edge, and outside  
whiting water. ...........................................................................................................62 
Figure 3.16.  In-situ remote sensing reflectance of whiting water and outside water. ..................64 
 
 
vi 
Figure 3.17.  Grain size fractionation of local bottom sediment for each sampled  
 whiting condition. .....................................................................................................66 
 
Figure 3.18.  SEM photomicrographs of local whiting bottom sediment. .....................................66 
 
Figure 4.1.   Landsat RGB-image showing several smaller whiting patches that would 
 not be resolved in MODIS images. ...........................................................................78 
 
Figure A.1.  Mean monthly whiting coverage of SWFL. .............................................................92 
 
Figure A.2.   Preliminary data showing the number of observable days in MODIS-RGB  
 daily imagery per month to contain at least one whiting event in the Gulf  
 of Batabanó, Cuba 2010 – 2012. ...............................................................................92 
 
Figure A.3.  Detrital absorption spectra. ........................................................................................93 
 
Figure A.4.  Particulate absorption spectra. ...................................................................................93 
   
	 	
vii 
ABSTRACT 
“Whiting” is a term used to describe a sharply defined patch of water that contains high 
levels of suspended, fine-grained calcium carbonate (CaCO3).  These features are named for their 
bright (at times white) appearance when compared to surrounding waters, and have been found to 
occur globally, persisting for multiple consecutive days.  Although whitings have been widely 
studied using chemical, biological, geological, and physical techniques, there has been little effort 
to document their spatio-temporal distributions in a systematic way, not to mention the lack of 
consensus on what generates whitings and allows them to persist for days to weeks at a time.  In 
particular, although fishermen and aircraft pilots have reported whiting-like features off southwest 
Florida (e.g., a sighting off the Ten Thousand Islands was reported on October 29, 2013), there 
has been no targeted study on these features in this area.  Therefore, the objective of this study is 
two fold: 1) to document the spatial-temporal distributions of whitings in southwest Florida 
(SWFL) coastal waters from 2003 through 2015 using satellite imagery to study how their 
occurrence is related to several environmental variables and 2) to conduct field and laboratory 
measurements to determine the particle composition and water characteristics in and outside the 
whiting features. 
To achieve objective one, a multi-year time series from 2003 through 2015 was developed 
over SWFL using Moderate Resolution Imaging Spectroradiometer (MODIS) observations.  
Customized processing was used in order to removed clouds and other artifacts and to delineate 
the surface whiting features.  From this, statistics and distribution maps of whiting occurrence were 
generated.  Annual mean whiting coverage peaked in 2011 (11 km2), when whiting reached a 
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maximum daily visible coverage of 92 km2 on February 23.  For the entire time series, the highest 
daily coverage observed was 126 km2 on December 6, 2008.  Over all, whitings had higher spatial 
coverage during the spring and autumn, with 88% of all whiting coverage occurring within 40 km 
of the coastline.  Images of average seasonal spatial distributions showed that over 90% of whitings 
located between 40 and 70 km of shore occurred specifically during the winter and autumn.  A 
multivariate linear regression was performed, which found little to no correlation between annual 
whiting coverage and environmental factors such as sea surface temperature (SST), wind, and river 
discharge.  This analysis was also applied to spatial distributions of whiting events within and 
outside of 20 km and 40 km from shore.  The only statistically significant result was that of SST, 
as well as SST with river discharge and whiting events distributed more than 20 km from shore. 
 In order to accomplish objective two, several field campaigns were conducted to collect 
in-situ data and water samples of pre-, post-, and occurring whiting event conditions to provide 
information on composition, driving forces, and variables that cannot be derived via satellites.  
Samples were collected for taxonomic identification, chemical analysis, bottom sediment grain 
size fractionation, in-situ remote sensing reflectance (Rrs), particle backscattering (bbp), 
chlorophyll-a concentration ([chl-a]), particulate absorption (ap), and gelbstoff (otherwise known 
as color dissolved organic matter, or CDOM) absorption (ag).  Taxonomic identification of marine 
phytoplankton within whiting water revealed the presence of a dominant, small (<5 µm), centric 
diatom species during a sampled whiting event.  Through the use of scanning electron microscopy 
(SEM), these were identified as Thalassiosira sp.  Amorphous to fully formed crystals of calcium 
carbonate were present, attached to cells of Thalassiosira sp., localized to the girdle bands.  All 
other diatom species were devoid of similar growths.  In comparing the waters within a whiting 
area to outside waters, no significant differences were found in ap, ag, nor [chl-a].  The carbonate 
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parameters of whiting water differed from outside water, however due to low sample numbers 
these results are inconclusive.  Average backscattering was twice as high within whiting waters 
compared to non-whiting water, and measured in-situ Rrs was higher at all wavelengths (400 – 700 
nm) within whiting water, with a spectral shape similar to outside waters.   
 Overall, this is the first time that SWFL whiting events have been characterized 
systematically using satellite imagery, field and laboratory as well as meteorological data to 
diagnose whiting causes and maintenance mechanisms.  Although these results are inconclusive, 
they add new information to the existing literature on this phenomenon.   
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CHAPTER 1: PAST THEORIES OF WHITING FORMATION AND CURRENT 
RESEARCH OBJECTIVES 
1.1 Whiting Properties and Past Theories of Formation 
Whitings, or bright patches of water, turbid with fine-grained calcium carbonate (5 – 21 
mg L-1, or 50.0 – 209.8 µM [Boss & Neumann, 1993; Bustos-Serrano et al., 2009; Shinn et al., 
1989]), have been observed to last for multiple days to weeks in sizes ranging from a few square 
kilometers to 200 km2 in marine systems (Lloyd, 2012; Long et al., 2014; Robbins et al., 1996; 
Robbins et al., 1997; Shinn, 1989; Morse et al., 2003).  In closed freshwater systems, whitings 
have been observed to cover the entire area of Lake Michigan (58,000 km2) (Lesht & Wortman, 
2006).  These in-water features occur globally, within lacustrine environments, such as the Great 
Lakes (Hodell et al., 1998; Milewski & Lesht, 2005; Barbiero et al., 2006; Lesht & Wortman, 
2006; Watkins et al., 2013) and Fayetteville Green Lake, New York (Brunskill 1968; Thompson 
et al., 1990a; Thompson et al., 1990b; Thompson et al., 1997), marine environments (mostly 
focused on The Bahamas [Boss & Neumann, 1993; Broecker & Takahashi, 1966; Bustos-
Serrano et al., 2009; Cloud, 1962; Lloyd, 2012; Morse et al., 2003; Morse et al., 1984; Robbins 
& Blackwelder, 1992; Robbins et al., 1996; Robbins et al., 1997; Shinn et al., 1989]), and in 
semi-enclosed areas, such as the Persian Gulf (Morse & He, 1992; Wells & Illing, 1964). 
Whiting events have been systematically studied in The Bahamas for nearly a century (Black, 
1933).  Although extensively studied, their mode of formation and persistence still remains 
debated.  The importance of understanding whiting formation has reached past academic interest 
to areas of climate change and oil deposition (Yates & Robbins, 2001; Lidz & Gibbons, 2008; 
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Shinn & Kendall, 2011).  Theories explaining the formation of this water can be broken down 
into three categories: 1) resuspension of bottom sediment, 2) abiotic precipitation or, 3) biogenic 
precipitation.  However, for each theory, there also exists irreconcilable evidence, leading to 
inconclusive explanations of whiting formation. 
1.1.1 Resuspension From Bottom Sediment 
 Whitings in The Bahamas were originally believed to be a result of the resuspension of 
sediments by bottom-feeding fish and were often referred to as “fish muds” by the local people 
(Etheridge & Waddington, 1988; Shinn et al., 1989).  While this whiting-type formation has been 
observed in Florida Bay, multiple attempts to assign this theory to the Bahamian whitings (using 
sidescan sonar, fathometer imaging, trawling, remote video, and scuba observations) have found 
no schools of sediment-ingesting fish occupying the whiting water (Cloud, 1962; Shinn, et al., 
1985; Shinn et al., 1989).  Black tipped sharks have occasionally been observed within 
Bahamian whitings, leading Broecker et al. (2000) to suggest that they may be stirring up the 
sediments in order to trap fish.  However with no further evidence to support this theory, it is 
equally likely that black tipped sharks (which hunt electromagnetically rather than by sight) use 
the murky whiting water as camouflage in order to hunt fish (Shinn et al., 1989).  The push for a 
resuspension explanation of whiting formation continued after Shinn et al. (1989) calculated the 
percent of bottom sediment present in whiting particulate using δ18O measurements.  They 
concluded that 75-100% of the whiting material was bottom sediment.  However, it was noted 
that this calculation was based on the assumption that the whiting water precipitated within 
equilibrium with surrounding waters (e.g., without including processes of isotopic fractionation).  
For example, Lowenstam and Epstein (1957) found anomalous 18O/16O measurements in whiting 
sediment compared to that of the water from which the calcium carbonate formed, indicating that 
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it formed out of equilibrium with the local seawater.  They concluded the anomalous 18O/16O 
signature might be due to precipitation by macrophyte algae.  Further evidence for the 
resuspension theory is given by the ages found in δ14C dating experiments of The Bahamas 
whiting water (Broecker & Takahashi, 1966; Bustos-Serrano et al., 2009; Shinn et al., 1989).  In 
these experiments, whiting particulates were found to have ages of 100 – 200 years on the Great 
Bahama Bank (GBB) and nearly 700 years on the Little Bahama Bank (LBB).  Other 
resuspension theories rely on physical mixing properties, such as micro-turbulent bursts (Boss & 
Neumann, 1993) and Langmuir circulation (Dierssen et al., 2009).  The turbulent burst theory 
has not been directly observed and is solely based on computer modeling.  Furthermore, the 
resuspension of sediment caused by bursting cycles from turbulent flow boundaries does not 
explain the duration of whiting events, the seasonal trend found in The Bahamas (Lloyd, 2012; 
Smith, 1940), nor why whitings are not found in every shallow-water location with high-energy 
and fine-grained sediment.  Langmuir circulation patterns have been observed in the shape of 
whitings and have been hypothesized to explain how The Bahamas sediment is resuspended over 
multiple days (Dierssen et al., 2009).  Larson and Mylroie (2014) have since observed Langmuir 
cells within a Bahamas whiting, oriented perpendicularly from the main axis of the whiting.  If 
Langmuir circulation was the driving force for the observed whiting, the Langmuir cells would 
be oriented parallel to the major axis.  As such, they concluded that the Langmuir circulation 
patterns are a secondary effect, working to break up the whitings after their formation.   
 While the old 14C dates found in past studies support a resuspension theory, there exists 
equally irrefutable evidence against this theory.  The most prominent evidence against the 
resuspension theory is the work done by Shinn et al. (2004).  In this study, Bahamas whiting 
particulate was dated using the short-lived radioactive nuclide 7Be (t1/2 = 53 days).  Not only did 
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they find that the whiting pellets were still radioactive (e.g., recently formed), but after stripping 
the outer layer of the pellet, the aragonite material was still active with 7Be.  This confirmed that 
7Be was not simply being adsorbed onto the pellet, but was taken up into the crystal lattice 
during precipitation and that precipitation was more recent than radiocarbon dating suggested.  
Additionally oppositional evidence is that no benthic algal cells have been observed in filtered 
whiting material (Robbins & Blackwelder, 1992), and the whiting particulates differ 
morphologically, isotopically, and in composition from the local bottom sediment (Macintyre & 
Reid, 1992; Shinn et al., 1989).  Furthermore, it has been calculated that a single whiting event 
should dissipate within six hours (based on average settling rates, feature size, and CaCO3 
concentration in the Bahamas [Shinn et al., 1989]), however whitings are known to persist for 
much longer, as such, there must be a generation source for whiting persistence.  Additionally 
perplexing is that whitings are present in absence of sustained high winds and are found over 
rocky sediment bottoms where resuspension is unlikely (Shinn et al., 1989; Lloyd, 2012).  
Considering all the above, and that whitings have been observed over rocky or sandy bottoms 
(where resuspension is unlikely or impossible), it is unlikely that the persistence of whitings can 
be explained by sediment resuspension.  
1.1.2 Direct Precipitation Within the Water Column 
 Abiogenic instantaneous CaCO3 precipitation is possible under certain conditions in the 
marine environment, leading many to propose such mechanisms as explanations for whiting 
genesis (Black, 1933; Cloud, 1962; Bustos-Serrano et al., 2009; Morse, 1984; Morse et al., 
2003).  In the northern GBB, Morse (1984) found little difference in normalized total alkalinity 
(NTA) and [Ca2+] between whiting water and outside waters.  However a major total decrease in 
NTA and dissolved [Ca+2] along the bank-top suggested there was active net precipitation along 
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the bank.  In effort to explain the contradicting evidence surrounding whiting formation, Morse 
et al. (2003) created the “Hip-Hop’n” model, in which the resuspended bottom sediment acts as 
seeds crystals for the precipitation of CaCO3 in the GBB’s supersaturated waters.  At the time, 
this was the best model to explain the evidence supporting whiting material being 25% to 45% 
precipitated matter (Shinn et al. [1989]).  Later, in 2009, Bustos-Serrano et al. found that samples 
collected from the LBB within whiting waters had lower total alkalinity (TA) and higher carbon 
dioxide partial pressure (pCO2) than the surrounding clear waters.  This data and the fact that the 
water in The Bahamas is known to be supersaturated with respect to CaCO3 (Broecker & 
Takahashi, 1966) supports the possibility that whitings are, at least in part, instantaneously 
precipitated in the bank top waters.  The discrepancy between the carbonate results of the GBB 
and LBB may be explained by the GBB being relatively open compared to the LBB, where 
packets of water may be more tightly related.  While it has been noted that if all the whiting 
material were directly precipitated within the water column, it would account for 280% of 
observed bank-top Holocene mud (Robbins et al., 1997), storm surges and regular high winds are 
known to push large amounts of fine-grained sediment off the banks, into the Straits of Florida.  
For example, Wilber et al. (1990), found a 90 m uncemented wedge of Holocene lime mud 
(calcium carbonate) off the western slope of the GBB with a deposition rate 10 – 100 times faster 
than previously known for The Bahamas.  Additionally, whiting-related sediment has been 
linked to the Mid-Miocene ramp of the GBB (Turpin & Reijmer, 2011) and to modern carbonate 
sediment production in Belize as well as The Bahamas (Gischler et al., 2013). 
1.1.3 Biogenic Precipitation 
 Preston Cloud first introduced the theory of biologically mediated whitings in 1962, 
following the initial observations of bacterial precipitation of calcium carbonate by Drew (1911, 
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1913), who suggested this as the mode of mud flat formation in The Bahamas.  In 1964, Leonard 
J. Greenfield tested Cloud’s hypothesis by calcifying marine bacteria under multiple nutrient and 
chemical conditions.  Microscopy of the resulting precipitates showed that pellets of CaCO3 were 
consistently associated with dead bacteria at the interior, suggesting that the bacteria were acting 
as nuclei (similar to the “Hip-Hop’n” model [Morse et al., 2003]).  Since then, calcium carbonate 
precipitation has been reproduced in the lab by the addition of unicellular green algae, 
Nannochloris atomus, and marine cyanobacteria Synechococcus sp. and Synechocystis (Yates & 
Robbins, 1995; 1998; 1999).  In 1992, Robbins and Blackwelder documented the first direct 
evidence of an association between picoplankton and calcium carbonate within whiting waters.  
This was the first study to use a fixative (glutaraldehyde) when collecting water samples from a 
Bahamian whiting event.  The preserved particulates within whiting water were centrifuged to 
form pellets, which were analyzed using both scanning and transmission electron microscopy 
(SEM and TEM, respectively).  SEM images showed marine bacteria, fragmented diatoms, and 
aggregated pellets of aragonite and calcite ranging from 1 to 30 µm, which composed 50% – 
75% of the particulate material within the whiting water samples.  TEM cross-section images of 
these pellets showed that the carbonate crystals were associated with whole and partial cell 
membranes, while biochemical analysis proved that organic matter made up 25% of the solid 
whiting material.  In 1995, Yates and Robbins analyzed the ability of Synechocystis to precipitate 
CaCO3 in solutions with differing pKa buffers (MOPS, pKa 7.2; CHES, pKa 9.2).  They found 
that photosynthesis and precipitation increased with increasing concentrations of MOPS (pKa 
7.2), while the opposite occurred with increasing concentrations of CHES (pKa 9.2), suggesting 
that photosynthesis was driving CaCO3 precipitation.  Additionally, autotrophic cell counts have 
been found double to one order of magnitude higher within whiting water than the surrounding, 
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clear waters in The Bahamas (Robbins et al., 1996; Thompson, 2000).  The abundant genera 
found within these whitings included Synechocystis and Synechococcus, and CTD data showed a 
correlation between increased whiting concentration and chlorophyll fluorescence (Robbins et 
al., 1996; Robbins, personal communication).  Although in the GBB no change was found in pH 
from outside to inside whiting water (Cloud, 1962; Morse et al., 1984), this may be explained if 
whitings were biologically mediated (Yates & Robbins, 1998).  For example, the local pH of a 
water parcel undergoing CaCO3 precipitation would be lower than outside waters, while an 
increase in photosynthesis in the same water parcel would in turn increase pH.  Although the 
concentrations of nutrients used by phytoplankton (such as nitrate and phosphate) have been 
found below the limit of detection in Bahamian waters (< 0.1 µM [Morse, 2003]), Swart et al. 
(2014) found evidence that the Bahama Banks may be fertilized by Saharan dust, creating 
blooms of nitrogen-fixing cyanobacteria which would aid in the precipitation of CaCO3.  
Unexplained by the biogenic precipitation hypothesis are the ages found by δ14C dating 
experiments of the whiting water (Broecker & Takahashi, 1966; Bustos-Serrano et al., 2009; 
Shinn et al., 1989).  If the carbon in whiting particulatewas formed entirely through precipitation 
and was in equilibrium with the atmosphere, δ14C dating should produce a future date (due to 
nuclear bomb testing in the 1950’s and 1960’s [Damon et al., 1978]), whereas Shinn et al. (1989) 
calculated that only up to 45% of the whiting material has a modern carbon date, based on 
radiocarbon dating and mixing equations.  However, it is known that phytoplankton 
preferentially take up 12C during photosynthesis, leaving the surrounding waters depleted 
(Thompson et al., 1990), this fractionation has been found to result in the CaCO3 surrounding 
Synechococcus in whiting waters to be enriched in δ13C (Thompson, 2000).  As such, isotopic 
fractionation would affect the results of radiocarbon dating experiments if whitings were 
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mediated through heightened photosynthesis.  Additionally, it has been shown that inorganic 
carbon (and Ca2+) is leaked from phytoplankton’s intracellular fluid to the extracellular 
environment where it is available as an inorganic carbon source to aid in precipitation (Yates & 
Robbins, 1999).  As such, it is likely the carbon being utilized in microbial precipitation had 
undergone photosynthetic isotopic fractionation.  The metabolic processes driving microbial 
precipitation of CaCO3 are shown in figure 1.1. 
 
 
Figure 1.1.  Biochemical processes of extracellular microbial precipitation.   
During photosynthesis, inorganic carbon (Ci) is taken up in the form of HCO3 (cyanobacteria) or 
CO2 (microalgae).  When intracellular Ci is in excess, it diffuses out of the cell as CO2 into an 
alkaline micro-environment (caused by the cellular uptake of H+) and immediately hydrates to 
CO32-.  Due to the cellular expulsion of Ca+2 for 2H+ uptake, the extracellular microenvironment 
has increased [Ca2+].  The Ca2+ combines with CO32- to form seed crystals of CaCO3, and 
nucleation begins at the cell wall (Yates & Robbins, 1995; 2001).  Blue arrows show pathways 
of calcification.  For a more in-depth illustration of the biochemical processes related to 
microalgal calcification, see Yates & Robbins (2001). 
 
1.1.4. Discussion 
 It is clear that even a thorough overview of whiting research still yields inconclusive, and 
at times, contradictory evidence for the process of formation.  There are many reasons why the 
study of whitings is difficult, mostly owing to the inherent complex properties of whitings.  For 
2H+ 
Ca2+ 
2HCO3-         
2CO2 
2HCO3- + 2H+  
2CO2 + H2O  
Photosynthesis 
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CO2 + H2O ! 2H+ + CO32-!
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Cyanobacteria:! Cell Wall!
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example, past research that did not utilize remote sensing relied on ground observations to find 
whiting locations.  Similar to bloom-response cruises, planning for in-situ sampling can be 
difficult due to the unpredictable nature of whiting formation.  Because whitings are dynamic 
features, studies comparing suspended whiting sediment to local bottom sediment are equivocal.  
Whitings may also be more or less “active” during different sampling periods, resulting in 
dissimilar results when comparing the carbon state of whiting water to outside waters.  If whiting 
precipitation is initially induced by the increase in pH from a phytoplankton bloom, comparisons 
of phytoplankton counts from inside whiting water to outside waters may also be affected by the 
age of the whiting (i.e., new whiting water should be localized to the initial bloom area, with 
large differences inside to outside whiting water, which may not be present as the whiting 
progresses spatially).  As such, future research should take into account the age of the whiting 
when comparing across studies.  It is also likely that there exist multiple generation pathways to 
whiting formation.  If this were true, comparisons across studies, even of the same location, 
might yield contradictory results.  Finally, the old 14C ages found from whiting particulate may 
be influenced by photosynthetic kinetic isotopic fractionation.  Because there is no mention 
whether the 14C experiments measured 12C:13C ratios, it is unknown whether these dates were 
corrected for fractionation effects.  While not assessed in the current study, future laboratory 
work may benefit from focusing on tracking isotopic fractionation effects when precipitating 
CaCO3 through the biological activity of Synechococcus and Synechocystis.  Aside from 
disagreements in whiting formation, the fact that whitings occur frequently, globally, and in large 
quantities, is without controversy.  Due to this, and depending on what proportion of whiting 
particulate is directly precipitated, their effects on carbonate sediment production and the 
carbonate cycle would likely be significant to making global budget calculations. 
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1.2 Study Site and Objectives 
 On October 29, 2013, Lisa Robbins of the United States Geological Survey (USGS) 
captured an image of a whiting event near the coast of the Everglades National Park (Fig. 1.3).  
This was the first discernible evidence of whitings occurring in SWFL, prompting the current 
study’s focus on this region.  The study site includes Marco Island (to the northern-most point), 
the Ten Thousand Islands, and the mouth of Florida Bay (at the southern-most point) (Fig. 1.2).  
Most of the area is under jurisdiction of the Everglades National Park Service.  The Everglades 
National Park (ENP) occupies 6,000 km2 of largely undeveloped wetland area and is the largest 
subtropical wilderness in the United States, an International Biosphere Reserve, World Heritage 
Site, and a Wetland of International Importance (David & Ogden, 1994).  The coastline is 
composed of mangrove islands, seagrass beds, swamps, and tidal marshes (McPherson & Halley, 
1996) that cover the SWFL coast from Marco Island to Florida Bay.  The southwest Florida shelf 
is dominantly carbonate and quartz, with 3 to 4 meters of mud-sized surface sediment (peat) 
along the mangrove coast, in place of the karst limestone which dominates the central and 
northern Florida coast (Hallock et al., 2010; Hine, 2013; McPherson & Halley, 1996).  The 
region undergoes dry (December - June) and wet (July - November) seasons annually, which 
affect terrestrial nutrient inputs.  During the dry season, concentrations of nutrients vary (Table 
1.1).  During the wet season, 75% of annual rainfall occurs (Chen & Gerber, 1990), moving 
nutrients through the Everglades water shed from agricultural sources (Heil et al., 2007).  
Compared with the surrounding area, the study region presented here has shown elevated levels 
of urea, a form of organic nitrogen used by Synechococcus sp. as an N-source (Berman and 
Chava 1999; Collier et al., 1999).  While total phosphorous (TP) and dissolved inorganic 
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nitrogen (DIN) are quickly removed from the water, total nitrogen (TN, largely organic) is 
unaffected, causing a shift in TP:TN (Rudnick et al., 1999).  Even though this region is usually 
characterized as oligotrophic (Lester et al. 2001; Vargo et al. 2001), it is frequently affected by 
algal blooms, including annual “red tide” blooms (caused by a toxic dinoflagellate, Karenia 
Brevis), “black water” (large-scale diatom blooms [Hu et al. 2002; Neely et al. 2004]), and 
blooms of blue-green algae (cyanobacteria). 
 
Table 1.1.  Average nutrient concentrations in SWFL coastal waters (December – June). 
DOP = dissolved organic phosphorous, DON = dissolved organic nitrogen, concentrations from 
Heil et al., 2007.   
 
 
Nutrient Concentration (µmol L-1!) 
Phosphate < 0.1 
DOP < 0.1 
Ammonia < 0.1 – 1.0 
Nitrate & Nitrite < 0.1 
DON 10 
Silicate < 1.0 - 10 
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Figure 1.2.  Study site map.   
The region of interest extends from Marco Island, through the Ten Thousand Islands, to the 
mouth of Florida Bay, and includes much of the western coastline of the Everglades National 
Park. 
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Figure 1.3.  A whiting event captured on October 29, 2013.   
The MODIS image shown corresponds to the same-day whiting event captured by Lisa Robbins 
(USGS) (upper inset) covering approximately 32 km2, which lasted for nearly one month.  The 
whiting initiated on October 7, 2013 and progressed towards the coastline, then southwest to the 
location shown above.  The shape of the whiting event on October 29, 2013 was notably 
different from other whitings throughout the time series.  At this point, the whiting had been 
progressing for 22 days, and may have been affected by surface winds, currents, or transecting 
boats, causing the spindled formation seen above.  The lower inset image shows a MODIS-Aqua 
image taken one day prior on October 28, 2013.  Clearly, these formations can change 
dramatically within 24 hours. 
 
 Similar to The Bahamas, this region is affected by large-scale sediment resuspension 
during high winds, causing the entire area to appear whitened (Fig. 1.4) (Neumann & Land, 
1975; Shinn, 1989).  Whitings, however, are visually distinct from resuspended sediment (Fig. 
1.4.g), having defined boundaries, and persisting for many days to weeks (whereas resuspended 
sediment was no longer visible in MODIS imagery after only 48 hours without sustained high 
winds).  Because whiting events had not previously been documented in this region, a 
preliminary, three-year time series was developed by Long et al. (2014) to determine whether 
these formations were recurring.  Using MODIS satellite imagery, the daily occurrence of 
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whitings in southwest Florida was recorded from December 2010 to December 2013.  Whiting 
frequency increased during the spring and autumn months of these years (the seasonal monthly 
breakdown is shown in Table 1.2), matching the seasonality found in The Bahamas most recently 
by Lloyd (2012).  However, the preliminary results of Long et al. (2014) focused on a rather 
short period with no spatial analysis.  The goal of this thesis was then to expand the preliminary 
study by extending the MODIS time-series to 13 years, adding a spatial component, and 
combining field and meteorological data to understand whiting formation, size, duration, 
seasonality, and long-term trends.  Specifically, the objectives of this study are to: 
1) Develop a practical method to delineate whiting patches seen by remote sensing for 
objective analysis; 
2) Expand the three-year time series to 13 years (2003 – 2015) in order to develop a long-
term time series of whiting occurrence and distribution patterns; 
3) Investigate physical and biogeochemical properties of whitings through field and 
laboratory measurements; 
4) Study potential meteorological driving forces of whiting formation and persistence. 
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Figure 1.4.  The effect of wind speed on platform-scale sediment resuspension in SWFL. 
The relationship between wind speed (ws) and large-scale sediment resuspension is shown for 
ws = 0.17, 2.51, 3.24, 4.68, and 6.62 m s-1.  During days with an average wind speed > 4.5 m s-1 
(e – f), the effects of large-scale bottom sediment resuspension were visible across SWFL.  
Based on visual observation of 13 years of MODIS observations, daily average wind speeds < 
4.5 m s-1 (a – d) were often not high enough to induce large-scale sediment resuspension.  
Whiting events are clearly distinct from sediment resuspension, circled (g), which settle within 
48 hours without sustained high winds, whereas whitings persist for days to weeks.  Images are 
not shown in chronological order. 
Table 1.2.  The monthly components of each meteorological season (winter, spring, 
summer, and autumn).   
The seasonal distribution and mean whiting coverage were calculated in order to analyze intra-
annual trends throughout the time series. 
MODIS-Terra 
May 17, 2013 
ws = 0.17 m s-1 
(a) 
MODIS-Aqua 
Feb. 07, 2013 
ws = 2.51 m s-1 
(c) 
MODIS-Terra 
March 23, 2013 
ws = 3.24 m s-1 
(d) 
MODIS-Terra 
March 14, 2013 
ws = 4.68 m s-1 
(e) 
MODIS-Terra 
Feb. 17, 2013 
ws = 6.62 m s-1 
(f) 
MODIS-Terra 
March 28, 2012 
ws = 3.18 m s-1 
(g) 
Season Months 
Winter December - February 
Spring March - May 
Summer June - August 
Autumn September - November 
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1.3 Thesis Overview and Structure 
 This study aims to broaden our understanding of the global whiting phenomenon through 
a case study at a local scale. To date, whiting occurrence has not been reported in SW Florida 
coastal waters except most recently by Long et al. (2014).  This study was built upon the analysis 
by Long et al., but includes a more in-depth analysis of both satellite and field data using a 
multidisciplinary approach.  Sampling locations were chosen based on the preliminary results of 
Long et al. (2014) to cover an area frequented by whiting events. This study provides novel 
information on the daily frequency, in-situ characteristics, spatial distributions, and long-term 
temporal trends of SW Florida whitings, providing the foundation for future whiting research in 
a new region. 
 The thesis is structured as follows: Chapter 1 includes a summary of past whiting-related 
research and the resulting hypotheses of formation, as well as an introduction to the study site 
and research objectives.  Chapter 2 includes methods and results from the statistical analysis of 
whiting frequency and distribution using MODIS images from 2003 to 2015.  These results are 
combined in a multivariate analysis with potential climatological driving forces such as, SST, 
wind, and river discharge.  Chapter 3 describes the methods and results of three field campaigns 
lead in SWFL, one of which occurred during a whiting event.  Finally, Chapter 4 summarizes the 
results from Chapter 2 and Chapter 3, combining the knowledge gained from each to better 
understand the formation of whitings in SW Florida.  In this final chapter, a direction for future 
research is also outlined. 
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CHAPTER 2: SPATIO-TEMPORAL DISTRIBUTIONS OF SWFL WHITINGS 
 
2.1 Introduction  
 Within known uncertainties and limitations in measuring the vertical structure of the 
water column, remote sensing has many benefits over in-situ sampling approaches in 
characterizing the ocean environments.  The near-daily coverage of satellite sensors, such as 
MODIS, offers a temporal resolution that is not possible with direct in-situ sampling.  Spatially, 
remote sensing allows for near-real time access to distant regions that would otherwise be 
difficult and costly to study.  Some satellite sensors have a very high spatial resolution 
(compared to MODIS’ 250-m per pixel), with the tradeoff of lower temporal resolutions.  For 
example, Landsat sensors have a 30-m spatial resolution, but with a revisit frequency of every 16 
days (Fig. 2.1).  Remote sensing is also cost effective in comparison to field sampling.  Data 
collected by both MODIS and Landsat can be accessed freely from level-0 raw data to fully 
processed images for [chl-a], turbidity, SST, and other bio-optical variables. (Landsat, 
http://landsat.usgs.gov/; MODIS, http://oceancolor.gsfc.nasa.gov/cgi/browse.pl?sen=am). 
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Figure 2.1.  Comparison of same-day (December 8, 2013) MODIS and Landsat images. 
Arrows point to whiting locations.  South of Marco Island exists an area of shallow-water 
bathymetry (dashed lines), which represent time-independent static features for the entire study 
period.  The above whiting event was visible in MODIS imagery for 24 days, from December 1 
to December 24, 2013. 
 
 Over decades of whiting research, the few studies that have utilized remote sensing 
techniques to study marine whitings (Dierssen et al., 2009; McCarthy, 1996; Tao, 1994; Robbins 
et al., 1997; Lloyd, 2012) have all been focused on The Bahamas, with the exception of Long et 
al. (2014).  Earlier time series of Bahamian whiting frequency relied on incongruent photographs 
taken by astronauts aboard the International Space Station (Tao, 1994; Robbins et al., 1997).  In 
the most recent time series analysis of Bahamian whitings (Lloyd, 2012), a semi-objective 
method was developed to differentiate whitings from clouds using the Floating Algal Index 
(FAI) algorithm (Hu, 2009).  This time series utilized daily MODIS imagery between 2000 and 
2010 to document whiting’s spatial and temporal variability (Lloyd, 2012).  Whitings along the 
GBB and LBB were found to occur in higher frequency in the spring and autumn months than 
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other months.  Prior to this, Dierssen et al. (2009) validated the spectral characteristics of 
whitings through comparing in-situ Rrs with satellite-derived Rrs of the same whiting patch.  The 
study also compared in-situ Rrs of whiting water to different types of local bottom sediments and 
found that the whiting Rrs maintained a similar spectral shape to locations with Andros mud 
sediment, but with an increase in magnitude of nearly 0.015 sr-1 (30%) between the 400 – 570 
nm spectral bands. 
 In the current study, remote sensing is used for the first time to document the daily 
distribution of whitings in SWFL from 2003 through 2015.  In order to observe the spatio-
temporal variability of individual whiting patches during this period, MODIS imagery was 
chosen for its frequent coverage with medium resolution (250-m).  As such, smaller whiting 
events (such as those less than 750 m, or 3 pixels) are not likely be included in the analysis, 
however this drawback in spatial resolution was necessary to observe daily coverage.  The 
objective of this study is to provide the first statistics of spatio-temporal whiting distributions in 
SWFL, which will be analyzed along with meteorological variables in order to investigate 
potential driving forces. 
2.2 Materials and Methods 
2.2.1 MODIS Image Processing, Whiting Image Selection and Feature Delineation 
 Daily, level-0 data from 2003 to 2015 were obtained from the US NASA Goddard Space 
Flight Center (GSFC).  Data after December 31, 2010 were processed by a Virtual Antenna 
System (Hu et al., 2014), which is available online for the SWFL region (http://optics. 
marine.usf.edu/cgi-bin/optics_data?roi=FLKEYS&current=1).  Images prior to January 1, 2011 
were processed using a similar in-house program to the Virtual Antenna System (for processing 
methods see Long et al. [2014]).  The data were not fully corrected for atmospheric effects when 
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generating the final RGB (red-green-blue, or “true-color”) images.  Rather, images were 
corrected for Rayleigh scattering and ozone absorption only, resulting in Rayleigh-corrected 
reflectances (Rrc).  This is because full atmospheric correction suffers from perturbations caused 
by whitings’ high level of water-leaving reflectance, shallow bottom, and stray light 
contaminations for near-shore features.  As such, full atmospheric correction would decrease the 
contrast between the whiting water and adjacent water, making it difficult to delineate the 
whiting features.  In the first step following image processing, all MODIS RGB images were 
visually inspected for suspicious whiting-like features. Features were verified as whiting based 
on three rules, that they were (1) brighter (higher reflectance) than adjacent waters with a sharply 
defined outer circumference, (2) isolated in space, and (3) persistent at approximately the same 
locations for more than 3 days.  In order to differentiate whiting features from cloud cover, 
which also appears spectrally brighter than adjacent pixels, FAI images were generated for visual 
comparison (Fig. 2.2.d).  This is because whiting water has a negative FAI contrast from 
adjacent waters due to its reflectance in the 859-nm band being below the line formed by values 
at 645- to 1240-nm, while clouds have a positive FAI contrast from adjacent waters, which 
allows them to be differentiated from whiting water (Hu, 2009; Lloyd, 2012).  Images passing 
the above criteria were selected for manual delineation.  The time series included a total of 4,745 
days, from which 656 days were found by the above method to provide images that contain at 
least one whiting feature in SWFL.   
Because the majority of whiting events in SWFL occurred at shallow water depths where 
reflectance is high, the previous method developed by Lloyd (2012) to delineate whitings in The 
Bahamas was not applicable to this study.  To aid in the visual delineation of whitings, two 
forms of enhanced images were generated (gradient and stretched images).  Gradient images 
21 
were created using an inherent function in Interactive Data Language (IDL) software, 
COLORMAP_GRADIENT, which maps an RGB image to a luminance-based gradient and 
applies a user-specified false color table (e.g., color table #28 (Fig. 2.2.b]), the second type of 
false-color image was created by bringing the original RGB into ENVI and stretching the 
histogram of a boxed area of whiting pixels and adjacent water to a Gaussian or linear stretch 
(Fig. 2.2.c).  For each whiting patch, Regions of Interest (ROIs) were manually drawn within 
ENVI on either type of enhanced-RGB image to surround the whiting patch (Fig 2.2.e).  The 
resulting ROI images were saved for statistical analysis.  
 
Figure 2.2.  Final ROI image generation.  
Initial observations of suspicious features are circled in white (a-c).  By visual observation of the 
corresponding FAI image, whiting features (white circles) are differentiated from cloud features 
(green dashed circle) (d).  ROI’s are drawn at the perimeter of whiting areas using either a 
gradient image (b) or stretched RGB image (c) to visually enhance the color gradient between 
whiting and adjacent pixels for delineation.  The final ROI images (e) are used to calculate 
seasonal and annual mean whiting frequency and distribution.   
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 Many methods were tested before arriving at the final delineation process explained 
above.  These included techniques that utilized the high reflectance of whiting pixels, the spectral 
signature a whiting, or the sharp change in reflectance from inside whiting waters to outside 
waters, however, these methods failed due to the similarities between shallow water bathymetry 
and whiting pixels.  For example, a threshold method was applied to select whiting pixels based 
on the magnitude of their reflectance in comparison with nearby pixels within a selected box-
area.  While many of the whiting pixels were correctly selected thru this process, many shallow 
bathymetry pixels were also included.  This error was at times resolved by selecting multiple 
smaller boxes and forming a composite ROI for each whiting patch (Fig. 2.3), however this 
process was not only unrealistically time consuming, but also was not applicable for every case.  
One method attempted to use the in-situ spectral characteristics of whitings by generating false-
color ratio images of the 645-nm to 560-nm bands (whiting Rrs spectra appeared “narrower” than 
adjacent water), however this did not differentiate whiting from shallow bathymetry, and whiting 
pixels were no more visually apparent than in the original RGB image. 
 
Figure 2.3.  A threshold method of whiting delineation.   
Multiple boxes are generated covering a single whiting feature (a).  A user-specified threshold of 
pixel intensity is used to select whiting pixels in red (b).  A final composite ROI is generated 
which agrees well with the original whiting distribution (c). 
 
MODIS-Terra 
 January 2, 2011 
(a) (b) 
(c) 
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 2.2.2 Statistical Analysis 
 The yearly, monthly, and seasonal mean whiting frequency at a given location, f, was 
calculated following the approach of Wang and Hu (2016), based on the following equation, 𝑓 = !!!!!!!          (1) 
where NA is the number of delineated whiting pixels and NW is the number of observable non-
whiting pixels (excluding all non-valid pixels).  Non-valid (NaN) pixels included land, cloud 
cover, sun glint, and missing coverage (all considered “bad data”), which were excluded from 
the statistical analysis.  To exclude these pixels, daily masks of NaN values were generated for 
the entire time series using the methods of Hu (2011) with a conservative glint reflectance 
threshold of 0.1 sr-1 in order to define cloud cover.  For same-day MODIS Aqua and Terra 
images that contained whiting, the best RGB of either Aqua or Terra was chosen based on lowest 
percent cloud cover over the whiting region to represent the whiting formation for that day.  For 
consistency, only Aqua MODIS images were chosen for non-whiting days, so that there would 
be a single coverage per day (statistically, there is negligible difference in choosing Terra or 
Aqua [Wang & Hu, 2016]).  The daily cloud masks and coinciding ROI images were then 
brought into an in-house program which generated a final image array that contained either NaN 
(bad data/no observation), 1 (observation and whiting), or 0 (observation and no whiting), for 
each pixel.  The study region was then converted into 0.05° x 0.05° grids, where in each grid, the 
frequency of whiting within a set time period was calculated using Eq. 1.  Whiting density maps 
for SWFL were then generated and the mean coverage for each time period was calculated as the 
sum of all grid cell values (the fractional whiting coverage).  An example of the final density 
map output is shown in Fig 2.4 for a whiting event lasting eight days during the month of 
October 2014.   
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Figure 2.4.  Frequency map generation.   
Images containing whiting ROIs (left) as well as any daily images within the time frame that did 
not contain whiting, were first converted to binary images (1 = whiting, 0 = non-whiting), which 
included NaN values. These images were mapped to 0.05° x 0.05° grids and stacked to create 
mean frequency maps over a specific time frame (right). 
 
2.2.3 Meteorological and Environmental Data 
 In order to study the potential effect of several meteorological variables on whiting 
formation and persistence, data were collected using modeling techniques and in-situ 
measurements from local buoy stations.  Monthly mean SST was provided by the 
NOAA/OAR/ESRL Optimum Interpolation (OI) for Sea Surface Temperature (V2), 
http://www.esrl.noaa.gov/psd/.  The OI SST V2 data were available in 0.5º x 0.5º grids, from 
which a single grid within the maximum whiting area was selected to extract monthly mean SST 
from 2003 to 2015.  Daily discharge rates for Chatham River (the river nearest the region most 
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frequented by whitings, location shown in figure 1.2) and wind speed were obtained from the 
West Florida Coastal Ocean Model (WFCOM) (Zheng & Weisberg, 2012) using USGS buoy 
data and NCEP/NCAR Reanalysis (at 25.7350º N and 81.4338º W), respectively. 
2.3 Results 
 Initial results by Long et al. (2014) showed that whitings occurred in SWFL with a 
similar seasonality to The Bahamas whitings (with maximum frequencies occurring in spring and 
autumn from 2011 to 2013).  Through expanding the preliminary, three-year time series to 13 
years (2003 – 2015), new seasonal patterns and long term trends have been observed. 
2.3.1 Spatio-temporal Variability: Annual 
 Figure 2.5 shows the whiting distribution for the entire study period (2003 – 2015).  
Because whitings are episodic events (see mean monthly whiting coverage, Fig. A.1), over a 
long time scale, the mean whiting frequency is very low (< 1%) while for a particular month it 
can be much higher.  However, the image does show that they occur in close proximity to the 
Florida coast.  For the entire time series, 89% of whitings were found within 40 km of the coast 
(within 10 m water depth), with the remainder between 40 and 70 km.  In addition to the overall 
distribution, there is substantial inter-annual variability as shown in figure 2.6.  The highest 
annual mean whiting coverage occurred in 2011 (11.00 km2), after which mean coverage began 
to quickly decrease from 2011 to 2014 (-3 km2 mean coverage per year), with a moderate 
increase in 2015. Annual mean whiting coverage increased slightly from 2003 to 2008 (by < 1 
km2 mean coverage per year), staying below 3 km2 until 2009 and 2010 when mean whiting 
coverage doubled to 5.8 km2 and 5.6 km2 in 2010 (Table 2.1).  During the highest years of 
annual mean whiting coverage (2009, 2011, and 2012), whiting distribution was heavily 
localized near the coastline.  During years of low mean whiting coverage (2003 – 2008, and 
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2014), whiting distribution appeared with higher frequency further from shore.  
 
 
Figure 2.5.  Mean whiting frequency and distribution over the entire study period (2003 – 
2015). 
Mean whiting frequency was calculated as the arithmetic mean of the annual means (Fig. 2.6).  
For the entire time series, whiting events occurred more frequently near shore (within 40 km) 
 
 
Figure 2.6.  Annual mean whiting frequency and distribution.   
Note the different scale from the 2003 – 2015 total mean frequency (Fig. 2.5).  Spatial 
distributions of whitings vary inter-annually.  Whiting events appear to be more closely 
associated nearer the coastline during years of high whiting frequency. 
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2.3.2 Spatio-temporal Variability: Seasonal and Daily 
 In order to analyze intra-annual variability, seasonal mean whiting frequency as well as 
daily coverage were calculated over the study period.  The total average seasonal whiting 
distribution and frequency was calculated as the arithmetic average of each year’s seasonal 
means (Fig. 2.8).  The highest average frequency of whiting events for the entire time series 
occurred in autumn (total average whiting coverage for winter = 3.18 km2, spring = 4.10 km2, 
summer = 2.20 km2, autumn = 5.97 km2, figure 2.7).  During spring and summer, whiting events 
were constrained < 40 km from coast, while during the winter and autumn whitings appeared 
with higher frequency and coverage past 40 km from the coast.  The annual seasonal maximum 
for whiting frequency was somewhat variable throughout the time series.  Prior to 2010, the 
annual seasonal maximum for whiting frequency occurred in winter (with the exception of 2005 
and 2006).  From 2010 onward, the seasonal maximum occurred consistently in either spring or 
autumn. 
 
Figure 2.7.  Mean seasonal whiting coverage from 2003 – 2015. 
When mean annual whiting peaked in 2011 and 2012, the seasonal maximum occurred in spring.  
From 2009 to 2015, whiting also frequently occurred in the autumn.  
 
 Figure 2.9 shows the mean annual whiting coverage time series plotted with the mean 
coverage for each whiting day (i.e., how large the whiting events were on average for each year).  
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From 2003 to 2015 average daily whiting coverage (calculated only from days that contained 
whiting) was 20.95 km2.  Average whiting coverage for days that contained whiting was highest 
in 2008 and 2009 (44.55 km2 and 42.21 km2, respectively), decreasing steadily for the following 
years.  There were multiple years throughout the time series when mean annual whiting coverage 
was relatively low, however on days when whiting did occur, it was relatively large.  During the 
years of highest mean annual whiting coverage, whiting events were relatively small but 
numerous.  Daily whiting coverage reached a maximum in 2008 of 126.01 km2 on December 6 
(Table 2.1).   
 
Table 2.1.  Mean statistics for each year.   
For each year, annual mean whiting coverage, the maximum day of whiting coverage, seasonal 
maximum, and the mean whiting coverage of the seasonal maximum is shown for each year. 
 
 
Year 
  
Mean 
Whiting 
Coverage 
(km2) 
  
Max Daily Coverage 
(km2) 
  
  
Seasonal 
Max 
Mean 
Whiting 
Coverage of 
Seasonal 
Max (km2) 
2003 1.0 47.8, October 22 Winter 2.7 
2004 0.9 69.9, December 09 Winter 3.4 
2005 0.2 10.8, January 11 NA 0.0 
2006 2.4 51.8, August 17 Autumn 6.4 
2007 1.6 79.0, December 11 Winter 7.2 
2008 2.8 126.0, December 06 Winter 7.5 
2009 5.8 92.3, October 31 Autumn 21.9 
2010 5.6 104.4, October26 Autumn 15.1 
2011 11.0 92.5, February 23 Spring 21.1 
2012 9.1 67.7, April 02 Spring 27.2 
2013 4.28 44.2, November 26 Autumn 9.7 
2014 2.5 39.0, October 27 Autumn 7.3 
2015 3.5 36.2, August 18 Autumn 7.1 
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Figure 2.8.  Average seasonal distributions of whiting frequency for the entire study period.   
Calculated as the arithmetic mean of each season from 2003 to 2015.  The spring and autumn 
seasons had the highest whiting frequency for the time series, similar to the seasonal pattern in 
The Bahamas (Lloyd, 2012). 
 
  
Figure 2.9.  Average daily whiting coverage of whiting days (black), annual mean whiting 
coverage (purple), and the un-weighted annual mean whiting coverage for each year.   
Average daily whiting coverage was calculated from days when whiting was present, mean 
annual coverage is calculated based on the frequency of observable pixels to contain whiting 
within a given year, this is similar to the un-weighted mean annual whiting coverage, but 
includes NaN values. 
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2.4 Discussion 
2.4.1 Annual Variability 
 Prior to this study, Lloyd (2012) calculated whiting frequency over the LBB and GBB 
during 2000 – 2010 using MODIS satellite imagery.  Annual whiting coverage in the LBB was 
found to be decreasing, while the opposite trend was found for the GBB, suggesting that even 
similar locations can experience very different whiting conditions over the same time period.  
For overlapping years of The Bahamas time series (2003 – 2010), SWFL whiting coverage was 
slowly increasing, similar to the GBB.  However, after 2011 whiting coverage quickly decreased.  
In order to explain the interannual changes in whiting coverage, a multivariate analysis of SST, 
wind speed, and river discharge with annual mean whiting coverage was performed (due to 
missing climatological data the multivariate analysis includes 2006 to 2015).  However, there 
were no combinations, nor individual parameters that gave statistically significant correlations 
(Fig. 2.10).  Whitings are likely formed by complicated processes, which rely on multiple 
parameters.   For instance, if whitings are precipitation events induced by photosynthesis, SST 
alone would not explain the occurrence of whitings, but rather a combination of SST, PAR, and 
nutrient input, for example, may provide significant results.  If whitings were formed by 
resuspended sediment, it is logical to assume that a direct correlation would exist between 
whiting coverage and wind speed, however wind speed had a very insignificant correlation 
(similar to the findings of Lloyd [2012]).  Additionally, daily occurrences of whiting were not 
correlated with high average wind speeds taken over four hour periods (Fig. 2.10), and in fact 
appeared at higher frequency during average wind speeds < 5.0 m s-1. 
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Figure 2.10.  Linear regressions of annual whiting coverage with SST, wind speed, and 
river discharge and counts of daily whiting occurence at multiple sind speed intervals. 
No significant correlation was found between individual environmental variables.  The histogram 
shows the occurrence of whiting (daily) with hourly wind speeds < 1.5 m s-1 to > 7.5 m s-1, 
counts were weighted by dividing by the total counts of wind speed at each interval (light blue).  
Whiting occurred more often during wind speeds < 5.0 m s-1. 
  
 The spatial distribution of SWFL whitings also changed dramatically throughout 2003 to 
2015.  There appeared to be a relationship between whiting coverage and distribution from shore, 
where during years of low whiting coverage, more whiting events were distributed farther from 
shore (Fig. 2.6).  It is possible that there exists more than one generation pathway towards 
whiting formation, causing two types of events to occur which are localized either near shore or 
further offshore.  To test this hypothesis, whiting ROIs were divided based on distance from 
shore using an in-house computer program.  Two distances were chosen to separate ROIs, by 20 
km and 40 km from the coastline (Fig. 2.11).   
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Figure 2.11.  Coastline buffer masks whiting distribution analysis.   
A 20 km buffer (left) and 40 km buffer (right) was applied to the coastline of SWFL in ENVI.  
For each case, whiting ROIs that fell within the buffer zone (grey area) were separated from 
those outside the buffer (white area).  The SWFL coastline is shown in dark green. 
 
 The annual mean coverage of whiting events distributed within and outside of 20 km, and 
within and outside of 40 km divisions were then calculated (Table 2.2).  First, the apparent 
relationship between total annual whiting coverage and the percent of total whiting events 
distributed from the coast was tested.  If whiting events were consistently distributed (i.e., 
driving forces were equal in each distribution), it would be expected that the percent of whitings 
distributed within and outside of each division would be unaffected by the total annual mean 
whiting coverage.  However, the percent of total whiting events distributed outside the buffer 
zone (past 20 km and 40 km) was found to decrease non-linearly with increasing total mean 
whiting coverage (Fig. 2.12).  Next, the annual mean coverage in each division were combined 
with environmental parameters (SST, wind speed, and river discharge) in a multi-linear 
regression analysis in order to test whether different parameters may explain differences in 
whiting distribution (Table 2.3).  The majority of results were insignificant at a 95% confidence 
interval, with the exception of the outside-20 km whiting division.  Statistically significant 
combinations of this region included SST, wind speed, and discharge (p-value = 0.047), and SST 
and river discharge (p-value = 0.037).  These relationships are likely due to the influence of SST, 
Buffer = 20 km Buffer = 40 km 
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which had the most significant correlation (p-value = 0.018) with annual mean whiting coverage 
(wind had the lowest correlation, p-value = 0.566).  Within the scope of this project, it is difficult 
to say why this region was significantly correlated with SST while other regions, such as the 
outside-40 km division, have no significant correlations with any of the environmental 
parameters. 
 
Table 2.2.  Annual mean whiting coverage in and out based on two divisions (20 km and 40 
km from the coastline).   
The percentage of the total annual whiting coverage for each distribution is given.  The mean 
coverage is much higher is the time window is narrowed down to the peak months.  Data from 
2005 was omitted due to low total annual mean whiting coverage (< 0.2 km2). 
 
 
 
 
 
 
 
 
 
 
 
Year Total 
SWFL 
(km2) 
> 40 km 
(%) 
 
< 40 km 
(%) 
> 20 km  
(%) 
< 20 km 
(%) 
2003 1.0 48.1 51.9 100.0 0.4 
2004 0.9 26.1 74.1 51.4 48.7 
2006 2.4 37.4 62.7 79.5 20.6 
2007 1.6 25.3 74.9 91.6 8.7 
2008 2.8 40.5 64.7 77.8 27.4 
2009 5.8 3.8 96.3 63.2 36.9 
2010 5.6 21.5 78.7 69.4 30.7 
2011 11.0 1.9 98.3 27.7 72.3 
2012 9.1 0.3 99.7 14.7 85.3 
2013 4.3 5.6 94.8 48.6 51.6 
2014 2.5 19.6 80.6 59.8 40.6 
2015 3.5 10.5 90.1 43.1 57.4 
Total 50.6 11.8 88.8 47.7 52.7 
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Table 2.3.  Multivariate linear regression statistics for multiple environmental variables vs. 
mean annual whiting coverage for each division of 20 km and 40 km. 
Shaded values were statistically significant (p-value < 0.05 for 95% confidence).  The only 
statistically significant results coincided with whitings distributed 20 km from shore, which was 
most significantly correlated with SST.  F-stat values in red reject the null hypothesis that the 
variances are equal.  The error variance estimate is also shown for each combination of 
parameters. 
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R2 F-stat. p-value 
Error 
Var. Est. 
SST + Dis. + Wind 0.156 0.370 0.778 10.262 0.259 0.700 0.586 11.966 
SST + Discharge 0.008 0.028 0.972 10.339 0.057 0.213 0.813 13.049 
SST + Wind 0.125 0.502 0.625 9.114 0.178 0.757 0.504 11.383 
Discharge + Wind 0.100 0.388 0.692 9.383 0.132 0.535 0.608 12.010 
SST 0.008 0.063 0.808 9.048 0.047 0.396 0.547 11.543 
Discharge 0.001 0.008 0.929 9.110 0.024 0.194 0.671 11.826 
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SST + Wind 0.551 4.300 0.060 0.519 0.314 1.601 0.268 0.153 
Discharge + Wind 0.220 0.985 0.420 0.902 0.156 0.649 0.551 0.188 
SST 0.525 8.849 0.018 0.480 0.297 3.382 0.103 0.137 
Discahrge 0.219 2.243 0.173 0.790 0.006 0.046 0.836 0.194 
Wind 0.043 0.358 0.566 0.968 0.141 1.314 0.285 0.168 
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Figure 2.12.  Relationship between the percent of whiting coverage at each distribution 
versus total annual mean whiting coverage.   
At divisions outside-40 km and -20 km from shore, the percent of total whiting found increased 
with lower annual mean whiting coverage (a, c), during years of high annual mean whiting 
coverage the percent of total whiting coverage within 20 km and 40 km increased (b, d).  Data 
from 2005 were not included due to low annual mean whiting coverage (0.17 km2).   
 
2.4.2 Seasonal Variability 
 Seasonal variability of whitings has been previously reported in The Bahamas by Lloyd 
(2012).  In both the LBB and GBB, whiting coverage reached a maximum in either the spring or 
autumn for each year during 2000 – 2010.  The seasonality of whiting occurrence in SWFL is 
also apparent (Fig. 2.8).  From 2003 – 2008, SWFL whitings occurred with highest coverage 
more often during the winter (2003, 2004, 2007, and 2008) and once in the autumn (2006).  After 
2008, the average maximum season for whiting coverage switched from winter to autumn (2009, 
2010, 2013, 2014, and 2015) with two years of maximum coverage during the spring (2011 and 
2012) (Fig. 2.7).  
 Lloyd (2012) found that The Bahamas monthly whiting distribution changed depending 
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on the region.  For example, whitings occurred two to three times as frequently on the east side 
of LBB during winter months than other months.  Whiting distribution in SWFL also seemed to 
differ depending on the season (Fig. 2.8).  For example, over 90% of whiting coverage 
distributed 40 km from shore occurred during winter and autumn.  This apparent seasonally-
dependent whiting distribution was again tested for correlation with SST, wind speed, and river 
discharge, however no statistical correlations were found. 
 The seasonal dependence of whiting frequency may be a result of multiple forcing 
factors, as SST, PAR, and nutrient supply all vary regularly throughout the year.  The intra-
annual spatial variability of whiting coverage may be further indication that there exists more 
than one whiting formation mechanism in SWFL.  Although, these remain pure speculations 
until the processes behind whiting formation can be understood, the work presented here is the 
first spatial analysis of SWFL whitings and their long-term frequencies. 
2.4.3 Monthly Whiting Variability 
 Early work on whiting frequency found monthly and seasonal variations in whiting 
coverage, indicating that environmental forcing on whiting coverage had a seasonal component 
(Tao, 1994; Robbins et al., 1997).  Whitings in Fayetteville Green Lake, New York were also 
found to have a seasonal trend, with increases of whiting frequency in the autumn and spring 
(Thompson et al., 1997).  It was proposed that Synechococcus blooms (which also occur in the 
autumn and spring) were the driving force behind these seasonal cycles.  Lloyd (2012) used a 
generalized linear model and multiple linear regression analyses (similar to this study) to explain 
ten years of monthly Bahamian whiting frequency with environmental factors such as SST, PAR, 
and wind.  The results showed that the model for SST and PAR in relation to whiting coverage 
was statistically significant, but with low correlation.  It was concluded that the low correlation 
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may be due to the driving factor being picoplankton rather than SST and PAR, and that the 
model was statistically significant because of the sensitivity of picoplankton to these parameters.  
The results of this study show a low correlation of all parameters with mean monthly whiting 
(Fig. 2.13).  While previous studies have concluded that wind may be a major driving force of 
whitings (Boss and Neumann, 1993; Dierssen et al., 2009), these studies are based on limited 
observations with no statistical significance. 
 The most recent hypothesis for Bahamian whiting formation is by the discharge of blue 
holes (Larson & Mylroie, 2014; Larson et al., 2016).  The porous limestone bedrock becomes 
filled with fine-grained sediment, which is pumped out by runoff through the Karst topography, 
or through tidal pumping.  The suspended fine grains act as nucleation points for precipitation, 
initiating the whiting event.  Monthly average river discharge rates show maximum discharge 
occurs from July through November (autumn and winter), known to be the “wet season” for 
SWFL (Fig. 2.13.d).  Average whiting coverage during this time extends with higher frequency 
further from shore.  Because the bedrock of SWFL is porous, it is possible that during months of 
increased precipitation, offshore seeps will discharge from increased runoff, creating an 
environment conducive to precipitation, such as the “Blue Hole” theory (Larson & Mylroie, 
2014; Larson et al., 2016).  However, correlation between mean whiting coverage (for months 
with coverage > 1 km2) and river discharge was low and statistically insignificant (Fig. 2.13.c).   
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Figure 2.13.  Linear regression between environmental variables and mean monthly 
whiting coverage when the coverage is > 1 km2.  
At a higher temporal frequency than previously tested (e.g. yearly and seasonal), no trends were 
observed.  
 
 The combined influence of these environmental parameters was analyzed using a multi-
linear regression model.  The model for wind speed, SST, river discharge, and mean monthly 
whiting coverage (> 1 km2) was statistically insignificant with low correlation (R2 = 0.046, p = 
0.474).  Three more analyses were run for a combination of each parameter.  The resulting model 
of each analysis was insignificant with low correlation.  Clearly, whiting formation and 
maintenance are guided by processes that are more complex than these three environmental 
forces. 
2.5 Summary and Conclusions 
 Satellite imagery has allowed for the detection and quantification of whiting events in 
locations not previously documented (i.e., SWFL, and the Gulf of Batabanó, Cuba [Fig. A.2]).  
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The study of whiting’s spatio-temporal characteristics has also benefitted from the high sampling 
frequency of most remote sensors (Lloyd, 2012), allowing for statistical analysis of distribution, 
frequency, and environmental correlations.  In this study, SWFL whitings have been 
characterized using remote sensing methods for the first time. 
 From 2003 to 2008 annual mean whiting coverage was very low (< 3 km2), but in 2009 
and 2010 mean whiting coverage reached 5.79 km2 and 5.65 km2, respectively.  Whiting 
coverage reached a maximum during 2011 (11.02 km2) and 2012 (9.06 km2).  Mean whiting 
coverage slowly decreased from 2013 through 2015.  During years of low mean whiting 
coverage (2003 – 2008), whiting events occurred most frequently during the winter, however 
from 2009 through 2015, the average seasonal maximum switched to autumn.  During 2011 and 
2012, when mean whiting coverage was at its peak, the seasonal maximum occurred during the 
spring.  When individual months were considered, the mean monthly whiting coverage during 
the peak months were much higher than these annual mean numbers (e.g. up to 39 km2). 
 Whiting distribution and frequency are likely driven by multiple processes and 
environmental forcing factors, which may explain why low, insignificant correlations were found 
between whiting coverage and selected environmental variables.  Our results show variable 
annual and seasonal whiting distributions in regards to distance from shore, which cannot be 
explained by SST, wind, or river discharge.  While documenting whiting occurrence is relatively 
straightforward with the method developed here, understanding formation and maintenance 
mechanisms requires more than correlation statistics.  Further work is therefore required via field 
measurements and laboratory analysis of water samples, which is detailed in the next chapter.  
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CHAPTER 3: IN SITU CHARACTERISTICS OF SWFL WHITINGS 
 
3.1 Introduction 
 In recent years, as atmospheric CO2 levels have risen, it has become increasingly 
important to understand global carbon cycling.  Whitings, as a global phenomenon, may play a 
non-negligible role in this system.  Depending on how whitings are induced, whether abiotically 
or biotically, whiting events would either represent a source or a sink for carbon (Yates & 
Robbins, 2001).  Bustos-Serrano et al. (2009) found that whiting waters in the LBB had lower 
values of normalized dissolved inorganic carbon (NTCO2) and normalized total alkalinity 
(NTA), with higher values for the partial pressure of carbon dioxide (pCO2) than nearby waters, 
sparking the notion that whiting waters were actively precipitating rather than being formed 
entirely by resuspended bottom sediments.  If whitings were formed through active precipitation, 
they would have a large effect on lime mud production and long term CO2 storage. 
 Through field measurements and laboratory analysis, whiting waters and their 
constituents in SWFL are characterized for the first time.  Though these findings are preliminary, 
they add novel information to whitings.  Here we document how whiting waters are 
characterized, and present these findings. 
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3.2 Materials and Methods 
 
 Samples were collected aboard a 17’ 
center console motorboat (property of USF 
College of Marine Science).  The nearest 
boat ramp to the study site, located in 
Everglades City (Fig. 3.1 inset), was 
approximately nine miles in-shore from any 
observed whiting events.  The main 
objective was to sample during a whiting 
events to determine the biological, chemical, 
and optical properties of water by collecting 
water samples and data from outside and 
inside the whiting water for comparison.  
Sampling inside and outside of a whiting 
area is possible due to its visually obvious 
border (Fig. 3.1).  Three field campaigns 
were completed in this study, documenting pre-whiting, whiting, and post-whiting event 
conditions (Table 3.1).  The first field campaign, documenting pre-whiting conditions, included 
sample collection at 11 stations on September 21, 2014.  One week later on September 27, a 
whiting event was captured in MODIS imagery near the sampling locations.  Prior to sampling, 
no whiting events had been observed in over one week.  Five stations were sampled on 
November 9, 2014 directly following a whiting event, which represents post-whiting conditions.  
Inside whiting 
Outside whiting 
Inside whiting 
Outside whiting 
Everglades 
City 
Figure 3.1.  True-color photographs of whiting 
perimeters.   
Photographs and samples were taken offshore 
from the Everglades National Park (25.71° N, 
81.38° W) on April 18, 2015.  Whiting is visually 
distinct from adjacent non-whiting water.  Images 
are taken from outside (top) and inside (bottom) a 
whiting area. 
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On April 12, 2015, a near-shore whiting event was again captured in MODIS satellite imagery, 
and on April 18, 2015, the whiting event was directly sampled.  The original transects were 
modified to have four stations inside whiting water and two outside (one near the perimeter 
(ENP19) and one approximately 2 miles outside of whiting water (ENP18)).  The intersected 
whiting formation consisted of a visibly denser head that terminated into a series of digitations 
on the trailing end (pointing outward from the coast), which was not apparent within the 
resolution of MODIS imagery (Fig. 3.2.c), but was similar to descriptions of Bahamian whitings 
(Shinn et al., 1989; Robbins et al., 1996).  A brief overview of sampling conditions, collection 
and processing methods are given in Table 3.1.   
Table 3.1.  An overview of sampling conditions, collection techniques, and processing 
methods.   
Meteorological data collected from Marco Island Airport (KMKY), Marco Island, Florida. 
 
 
Sampling Date: September 21, 2014 November 9, 2014 April 18, 2015 
Whiting condition One week prior to whiting Post-whiting event During whiting event 
No. of stations 11 5 6 (2 out, 4 inside whiting) 
Avg. wind (m s-1) 1.79 [S] 3.58 [NNE] 1.79 [SSW] 
Tmax (C°) 31.7 18.3 31.7 
Avg. humidity 79% 92% 73% 
Properties measured DIC, TA Sediment 
grain size 
Phyto.  
taxanomy 
Rrs bb [chl-a] [CDOM] 
Collection method HgCl added, 
glass bottle 
and stopper 
Peterson 
grabber, 
plastic bag 
Glutaraldehyde SPECTRIX HS2,  
BBFL-2 
Brown 1 L 
Nalgene 
bottles 
Brown 1 L 
Nalgene bottles 
Processing method Coulometery Culter-
counter 
Epifluoresence 
and light 
microscopy 
Hydrosoft, 
Ecoview 
Fluorometri-
cally 
Spectrophoto-
metrically 
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Figure 3.2.  Sampling stations. 
Samples were collected within 16 km of the coastline between 25.79° N – 25.65° N and 81.53° 
W –82.29° W, and within water depths < 5 m.  Red arrows show locations of whiting features on 
days prior to sampling.  Sampling on September 21, 2014 included two transects (one near-shore 
and one approximately 6 km offshore) with five stations each (a).  These were run tangential to 
shore, with one additional station at the mouth of Chatham River (ENP07).  On November 9, 
2014, the same offshore transect was repeated; stations are overlain on a MODIS-Terra image 
showing whiting features present three days prior (November 6, 2014) (b).  On April 18, 2015, 
stations were modified to include four locations within a whiting event, and two stations in 
nearby clear water (c).  The underlain MODIS-Terra image shows whiting features six days prior 
(April 12, 2015), which were still active on the sampling day. 
 
3.2.1 Collection and Preparation of Marine Microbes for Microscopic and SEM Analysis 
 Surface water samples for taxonomic identification were stored in 125 ml plastic bottles, 
fixed with 2.5 ml 2% glutaraldehyde in sodium cacodylate buffer (pH = 7.4) to preserve organic 
constituents (Robbins & Blackwelder, 1992), and kept on ice for less than 12 hours.  Samples 
were then over-night shipped (with ice packs) in insulated packaging to Jennifer Wolny, 
SWFL 
Study 
Region 
Boat Ramp 
Whiting 
Non-whiting 
Florida 
Gulf of Mexico 
September 21, 2014 
6 km 
April 18, 2015 
1 km 
ENP01 
ENP02 
ENP03 
ENP04 
ENP05 
ENP08 
ENP07 
ENP09 
ENP10 
ENP11 
ENP12 
MODIS image: November 6, 2014  
ENP13 
ENP14 
ENP15 
ENP16 
ENP17 
Chatham 
River 
W03 
W02 
ENP19 
W04 
W01 
ENP18 
ENP14 
2 km 
Everglades City 
November 9, 2014 
MODIS image: April 12, 2015 
(a) (b) 
(c) 
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microbiologist with the Maryland Department of Natural Resources.  Through microscopy, she 
was able to identify species of phytoplankton as well as quantify phycoerythrin- vs. 
phycocyanin-containing picoplankton in cells L-1.  Independent samples were also collected to 
quantify coccolithophores by adding 2 ml of unacidified lugol solution to 125 ml of sample 
water so as to not affect coccolithophore shells through dissolution. 
 To observe whether calcium carbonate crystals were directly associated with bottom 
sediment, phytoplankton, or other particles, water samples and sediment samples from whiting 
conditions were observed through SEM (equipped with an energy-dispersive X-ray spectrometer, 
or EDS) at the Knight Oceanographic Research Center.  Water samples for SEM analysis were 
collected using the same method outlined above for taxonomy samples.  Within 48 hours of 
sampling, water samples were fully prepared for SEM analysis using the protocol outlined in 
Robbins and Blackwelder (1992).  Particulates from the fixed water samples were filtered under 
a hood onto Whatman 0.2 µm nuclepore membrane filters.  Sodium cacodylate-buffered 
glutaraldehyde was then added to the filter and allowed to sit for 15 minutes.  The filter was then 
rinsed with deionized (DI) water three times, for 15 minutes each.  Secondary fixation was done 
using osmium tetroxide (OsO4) vapor fixation.   After one hour, the sample was again washed 
with DI water three times for 15 minutes each.  In the final step, samples were dehydrated by 
stepwise washing with ethanol at increasing concentrations (70%, 95%, and 2 steps of 100% 
ethanol; approximately 1 ml each until fully evaporated).  Samples were then washed with 1 ml 
hydroxyl methyl disilizine (HMDS) until fully evaporated and left over night in fresh HMDS.  
The next day, filters were attached to aluminum stubs using silicon-based stickers and were 
sputter-coated with AuPd (gold-palladium) for 3.5 minutes. 
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3.2.2 Collection and Measurement of the Carbonate Parameters 
 Surface water was first collected into large Nalgene carboys with valve attachments.  
Water for dissolved inorganic carbon (DIC) and total alkalinity (TA) were collected from these 
carboys into Wheaton 60 ml glass bottles.  In order to avoid atmospheric gas contamination, 
glass bottles were filled by first overflowing one bottle volume of sample water from the carboys 
(Dickson et al., 2009).  The samples were then poisoned with 60 µl of saturated mercuric 
chloride (HgCl2) and sealed with a vacuum greased ground glass top after removing 
approximately 1 ml of headspace.  Each bottle was gently rotated upside down to mix the HgCl2 
and water.  After greased bottle tops were inserted and sealed with a plastic cap.  Bottles were 
then placed into a cooled pelican case, which applied positive pressure to the caps when closed.  
DIC was measured using a CM5014 CO2 coulometer with a custom automatic 
acidification/purging system (Dickson et al., 2007).  Total alkalinity (TA) was measured 
following the methods of Yao and Byrne (1998) using an auto-titrator (Liu et al., 2012). All 
other carbonate parameters were derived from DIC, TA, in-situ SST, and salinity, using the 
Excel macro CO2SYS (Pierrot et al., 2006).  Constants for K1, K2, KHSO4, and [B]T were selected 
from Mehrbach et al. [1973], Dickson [1990], and Uppström [1974], respectively, and pH was 
calculated based on the total concentration scale (mol kg-sw-1).  Temperature was measured in-
situ using a handheld probe.  Salinity was measured using a Portasal™ 8410A salinometer. 
3.2.3 Optical In Situ Measurements  
 Optical backscattering was recorded using Wetlabs ECO BBFL-2 (650 nm) and 
Hydroscat-2 (420 nm and 700 nm) sensors.  Particulate backscattering (bbp) was calculated by 
removing the backscattering due to molecular water, and correcting for effects of CDOM and 
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chl-a absorptions.  Measurements of Rrs were taken using a handheld multi-channel 
spectroradiometer (SPECTRIX).  Water samples were collected for CDOM (ag) and particulate 
absorption (ap) at 1 m depth and stored in 1000 ml brown Nalgene bottles prior to analysis.  
These samples were first filtered through a Whatman (GF/F) 0.7 µm glass fiber microfilter.  
Chlorophyll was collected from these filters by methanol extraction, and measured 
fluorometrically (Holm-Hansen & Riemann, 1978).  The filtrate was then filtered through a 
Whatman 0.2 µm nuclepore membrane filter.  The resulting filtrate was collected into small, 
brown, glass jars and stored at 4°C.  CDOM concentrations were determined 
spectrophotometrically using 10 cm pathlength quartz cells.  
3.2.4 Sediment Grain-Size Analysis 
 Surface sediment collected using a Peterson Grabber was stored in plastic bags.  Samples 
were analyzed for their grain-size fractionation using a coulter counter  (Coulter LS 200, 
Breckman Coulter, Brea, CA) at the United States Geological Survey (USGS) St. Petersburg 
Coastal and Marine Science Center following the standard operating procedure (SOP) for grain 
size fractionation analysis (USGS, 2013).  Individual sediment samples were placed into 100 ml 
glass beakers.  Hydrogen peroxide (30%) was added in 8 ml aliquots followed by smaller, 1 – 3 
ml aliquots until no further reaction was observed.  Samples were heated to approximately 100°C 
to increase the reaction rate.  Once all of the organic matter had been oxidized, the mix of 
sediment and hydrogen peroxide was poured into 50 ml conicals and centrifuged at 3300 rpm for 
30 minutes.  The supernatant was removed with a plastic-tip pipette and DI water was added to 
rinse and resuspend the pellet, which was then centrifuged and the supernatant removed via 
pipette.  This rinsing process was repeated two additional times to remove remaining hydrogen 
peroxide.  After the final supernatant removal, approximately 10 ml sodium hexametaphosphate 
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(SHMP) was added and mixed with the sample.  After running a standard through the coulter 
counter, samples were individually sonicated for approximately 10 seconds.  The sediment mix 
was then transferred directly into the coulter counter, which sonicated the sample for an 
additional 30 seconds during the run.  Data were analyzed using the excel macro, Gradistat v.8 
(Blott & Pye, 2001). 
3.3 Results 
3.3.1 SEM and Taxonomy 
 In total, 22 samples were collected for taxonomic identification.  Eleven samples were 
collected during pre-whiting conditions (September 21, 2014), five samples during post-whiting 
conditions (November 9, 2014), and six samples were collected directly from a whiting event (4 
from inside, and 2 outside; 1 at the perimeter and 1 within two miles of the whiting perimeter on 
April 18, 2015).  During each sampling period, high levels of Thalassiosira sp. were present in 
one of two size classes (> 10 µm and < 10 µm).  Because similarities between these two size 
fractionations could not be confirmed nor denied through light microscopy, these have since 
been denoted as Thalassiosira spp. and are separated according to size. On average, cell counts 
of picophytoplankton and Thalassiosira spp. were higher during whiting sampling (Fig. 3.6 & 
3.7) than pre- and post-whiting conditions.  Average cell counts of picophytoplankton and 
Thalassiosira spp. for each whiting condition are summarized in Table 3.2.  Detailed taxonomic 
results of all sampling locations are given in appendix tables B.1, B.2, and B.3.  The maximum 
phycocyanin-containing picoplankton counts within whiting water (7.58x106 cell L-1) was five 
times higher than the maximum phycocyanin-containing picoplankton counts in contiguous and 
outside waters (1.57x106 cell L-1).  The maximum cell counts for phycoerythrin-containing 
picoplankton and Thalassiosira spp. (< 10 µm) were also higher within the whiting than samples 
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taken from outside the whiting area.  Stations contained < 1% of coccolithophorid cells.  
Notably, one species, Nitzschia sp., was consistently found in all whiting water samples 
(1.31x104 cell L-1 on average), yet was absent from non-whiting water samples.  The diatom 
species diversity was clearly dominated by Thalassiosira spp. < 10 µm during whiting conditions 
at all stations (Fig. 3.5).  In contrast, during pre- and post-whiting conditions (Fig. 3.3 & 3.4) a 
higher diversity of diatoms was observed (with a notable Pseudo-nitzschia spp. bloom during 
pre-whiting conditions).  One station within whiting waters (W02) had an extremely high relative 
abundance of phycocyanin-containing picophytoplankton. 
 
Table 3.2.  Cell count averages of phycoerythrin-containing picoplankton, phycocyanin-
containing picoplankton, and Thalassiosira spp. during multiple whiting conditions. 
Pre-whiting (cells L-1) 
During whiting 
(inside) (cells L-1) 
During whiting 
(outside) (cells L-1) Post-whiting (cells L-1) 
Phycoerythrin  5.72x105 ± 7.67x105 
2.32x104 - 2.50x106 
2.35x106 ± 1.65x106 
4.72x105 – 3.90x106 
3.03x106 ± 7.07x105 
2.53x106 – 3.53x106 
1.74x105 ± 1.25x105 
6.02x104 – 3.61x105 
Phycocyanin 6.31x105 ± 5.86x105 
4.35x104 – 2.27x106 
2.72x106 ± 3.30x106 
6.00x105 – 7.58x106 
1.18x106 ± 5.42x105 
8.00x105 – 1.57x106 
1.04x106 ± 1.25x105 
8.80x105 – 1.32x106 
Thalassiosira 
spp. (>10µm) 
2.87x105 ± 4.21x105 
0 – 1.14x106 
0 
NA 
0 
NA 
6.93x104 ± 2.77x104 
5.33x104 – 1.17x105 
Thalassiosira 
spp. (<10µm) 
0 
NA 
1.92x106 ± 1.17x106 
7.00x105 – 3.38x106 
1.94 ± 1.54x106 
8.52x105 – 3.03x106 
5.97 ± 3.94x104 
1.60x104 – 1.07x105 
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Figure 3.3.  Relative 
phytoplankton abundance 
of samples collected on 
September 21, 2014 (pre-
whiting).   
A pseudo-nitzschia spp. 
bloom was present at all 
stations (with the exception 
of those nearest Chatham 
River).  Samples collected 
near the mouth of Chatham 
River (ENP07 – ENP09) 
contained dominantly an 
abundance of Thalassiosira 
spp. and Phycoerythrin-
containing picoplankton 
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Figure 3.4.  Relative 
phytoplankton abundance 
of samples collected on 
November 7, 2014 (post-
whiting).   
Samples were dominated 
by phycocyanin-containing 
picophytoplankton. 
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Figure 3.5.  Relative 
phytoplankton 
abundance of samples 
collected on April 18, 
2015 (during whiting).   
All stations were 
dominated by either 
Thalassiosira spp. (< 10 
µm), or phycoerythrin and 
phycocyanin-containing 
picophytoplankton.  
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Figure 3.6.  The size fractionation of Thalassiosira spp. over multiple whiting conditions.   
The percentage of the total cell counts that each size class of Thalassiosira spp. represents for 
each sampling condition is given below the bar graph.  Pre-whiting, n = 11; during whiting, n = 
6; and post-whiting, n = 5.  Standard deviation bars are shown. 
 
 
Figure 3.7.  Cell counts of phycoerythrin-containing and phyocyanin-containing 
picophytoplankton. 
One station had notably higher phycocyanin-containing picophytoplankton counts within the 
sampled whiting water (W02).  In general, picophytoplankton cell counts were higher during 
whiting sampling.  The average cell counts for all stations are shown by the dotted lines. 
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 To investigate potential interactions of these species with whiting sediment, filters from 
whiting water were further analyzed using SEM techniques.  Overall, the SWFL whiting 
sediment composition differed greatly from SEM photomicrographs of Bahamian whiting 
sediment (Shinn et al., 1989; Robbins & Blackwelder, 1992).  The high concentration of 
aragonite needles, characteristic to Bahamian whiting sediment, was not attributed to SWFL 
whiting sediment, which was composed mostly of unidentified organic matter, diatoms, many 
oblong, layered particles that tapered to rounded points at one or both ends (Fig. 3.8.c – d), and 
large (up to 25 µm) aggregate particles (Fig. 3.8.a – c), sometimes containing whole diatom cells 
(Fig. 3.8.b, arrow).  Specifically, small Thalassiosira sp. cells were regularly found coated at 
their perimeters by unidentified minerals (Fig 3.9 & Fig. 3.10).  In comparison, all other diatom 
species were devoid of similar coatings and they appeared relatively clean (Fig. 3.11, top).  In 
order to characterize the elemental composition of the crystal structures attached to Thalassiosira 
sp., EDS was used.  Even though the sample was contaminated with AuPd during the sputter 
coating process, and signals from the aluminum stub were also apparent, it was still possible to 
obtain qualitative elemental analyses of the unidentified crystals surrounding Thalassiosira sp. 
(Figs. 3.12 – 3.14).   As expected, major peaks of silicon were present due to the diatom frustule 
composition (silica).  However, calcium peaks were also present, and at times were larger than 
silicon peaks.  Smaller peaks of magnesium were occasionally observed, possibly from 
incorporation of magnesium into CaCO3 or talc. 
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Figure 3.8.  SEM photomicrographs of SWFL whiting sediment.   
The lower magnification (1,000 X) image shows general particle distribution and composition, 
Thalassiosira sp. (arrows, a) is the most abundant diatom present; small to large aggregates can 
also be seen (a).  Occasionally, large mineral aggregates were found nearly encompassing 
Thalassiosira sp. cells (arrow, b).  Non-aggregate, layered, oblong particles were also present in 
whiting sediment (c – d). 
 
(a) 
50 µm 
(d) 
10 µm 
(c) 
10 µm 
(b) 
10 µm 
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Figure 3.9.  SEM photomicrographs of Thalassiosira sp. with encrustations.   
Diatom frustules exhibit multiple stages of overlying mineral growth.  Further developed crystals 
were present along the girdle bands of Thalassiosira sp. (e.g., arrow, c).  The girdle band 
morphology can be seen replicated in a crystal casing (b). 
 
3 µm 
(a) 
5 µm 
(b) 
3 µm 
(d) 
3 µm 
(c) 
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Figure 3.10.  SEM photomicrographs of Thalassiosira sp. and mineral attachments.   
Attached to the diatoms are particles with similar formations as amorphous calcium carbonate 
(ACC) nanospheres as well as talc (H2Mg3(SiO3)4) pieces (a & b).  Occasionally, these particles 
were layered in circular formations with diameters similar to the small Thalassiosira sp. 
frustules, possibly the result of complete envelopment (see frustule-like pore, arrow) (c). 
 
(a) 
5 µm 
(b) 
5 µm 
(c) 
3 µm 
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Figure 3.11.  SEM photomicrographs of diatoms and picophytoplankton present within 
whiting sediment.   
Examples of diatom species present in whiting water (top), which look clean relative to the 
Thalassiosira sp. cells.  Lower images show bacteria with possible seed crystallization.  These 
appear similar to the photomicrographs of Nannochloris atomus and cyanobacterial seed 
crystallization shown in Yates and Robbins (1998; 2001). 
5 µm 5 µm 
1 µm 1 µm 
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Figure 3.12.  EDS of particles surrounding a Thalassiosira sp. frustule.   
EDS sample locations shown by cross hairs.  Prominent peaks of silicon (2), calcium (1), or both 
(3) can be found surrounding a single Thalassiosira sp. frustule.  The presence of gold and 
palladium is due to the final sample preparation step, in which the filter is sputter coated with 
AuPd.  The presence of Al is likely contamination by the aluminum stub that is used to mount 
samples.  
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Figure 3.13.  EDS analysis of 
three particle locations 
surrounding a single 
Thalassiosira sp. cell.   
Two locations with similar 
morphology (1 & 2) contained Ca, 
C, O, and Si peaks with minor Mg 
peaks (possibly due to the presence 
of Mg-calcite or talc).  The particle 
morphology at 3 was similar to 
that shown in Figure 3.10 (a & b), 
i.e., ACC nanospheres 
predominantly consisting of 
calcium.  The presence of Au and 
Pd is due to the sputter-coating 
process. 
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Figure 3.14.  Fully developed calcium carbonate crystal attached to a Thalassiosira sp. 
frustule.   
The spectrum on the lower right confirms the abundance of calcium, carbon, and oxygen at the 
sampling location (cross hair).  There is still a small Si signal due to the nearby diatom.  The 
presence of Au and Pd is due to the sputter-coating process. 
 
3.3.2 Carbonate Parameters and EDS 
 Four samples were collected for DIC (TCO2) and TA measurements: two within whiting 
waters, one near the perimeter in outside waters (edge), and one between 1 – 2 miles from any 
observed whiting.  Water collected inside and at the edge of the whiting area was lower in TA, 
TCO2, [CO2], pCO2, and saturation states of aragonite (Ωar) and calcite (Ωca) than outside water.  
The maximum decrease in TA and TCO2 for whiting water was ~200 µmol kg-1.  The maximum 
decrease in pCO2 for whiting water was ~50 µatm and 1.5 µmol kg-1 for [CO2].  Within whiting 
water, pH was slightly higher than contiguous and outside water (maximum increase in pH was 
~0.02) (Fig. 3.15).  Polarized microscopy performed on the settled particulates confirmed a high  
2.5 µm 
Ca 
Au 
Si Pd C O
keV 0 4.0 2.0 
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level of birefringent material (CaCO3) in the whiting water. The increase in particulate calcium 
concentrations is consistent with previous studies, which define whiting as high levels of calcium 
carbonate within the water column (Shinn et al., 1989). 
 
  
Figure 3.15.  Carbonate parameters, [TA], [TCO2], pH, [pCO2], the saturation states (Ω) of 
calcite and aragonite, and [CO2] inside, at the edge, and outside whiting water.   
Two samples were taken within whiting (circle, W01 & W02), one near the edge (triangle, 
ENP19), and one outside (square, ENP18). 
 
3.3.3 Optical Properties 
 Backscattering data had been collected at two locations within whiting (W01 and W02) 
and one in outside waters (ENP18), at three wavelengths (420, 650, and 700 nm) (Figure 3.16.d).  
Particulate backscattering (bbp) was calculated after subtracting the contribution of backscattering 
by water molecules at each wavelength.  Compared to non-whiting waters, bbp in whiting waters 
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increased on average by 0.05 m-1 (46%) at 420 nm, 0.03 m-1 (37%) at 650 nm, and by 0.04 m-1 
(47%) at 700 nm.  To calculate the spectral slope of backscattering (n), bbp data were fit to a 
power law function of the wavelength (Martinez-Vicente et al., 2010), using 420 nm as the 
reference wavelength: 𝑏!" = 𝑐   ∙ !!"# !!         (1) 
where c represents a trend-fitting constant for bbp at λ0.  The R2 values for fits of W01, W02, and 
ENP18 were high (0.997, 0.997, and 0.892, respectively), indicating that equation 2 adequately 
represents the data.  Though backscattering was collected using two devices (BBFL-2 and 
Hydrocat-2), and it can not be assumed that the suspended particulate measured was 
homogenous and rounded, the spectral slope of backscattering can still give a rough estimate of 
particle size.  The average spectral slope of bbp within whiting water was 0.811 m-1 nm-1 and 
0.699 m-1 nm-1 in outside water, suggesting an abundance of smaller particles within whiting 
waters.   
Remote sensing reflectance was collected at four locations within whiting (W01, W02, 
W03, and W04) and one location outside whiting (ENP18).  Rrs increased at all wavelengths in 
whiting water while maintaining a similar spectral shape to non-whiting water (Fig. 3.16.a).  
Station W03 had the highest increase in Rrs, with a shape and magnitude very similar to W01 
(Fig. 3.16.c).  Stations W04 and W02 had similar magnitude and spectral shapes, which were 
closer to that of ENP18 (outside water).  Highest [chl-a] within whiting waters were also found 
at W04 and W02 (1.4 mg m-3), and were similar to [chl-a] at ENP18 (1.5 mg m-3) (Table 3.3). 
The greatest change in magnitude of Rrs from whiting to outside waters occurred between 450 
and 600 nm.  This resulted in a consistent change in the spectral characteristics of whiting water, 
where non-whiting water appeared to have a “broader” spectrum (Fig. 3.16.b).   
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Figure 3.16.  In-situ remote sensing reflectance of whiting water and outside water. 
In-situ Rrs of whiting waters (W01, W02, W03, and W04) and non-whiting waters (ENP18) (a), 
comparisons of whiting spectral shape to non whiting spectral shape (b) and (c), and 
backscattering of whiting and non whiting waters (d).  Values shown in (b) were normalized to 
Rrs 560 nm, values shown in (c) were calculated as the difference at each wavelength from the 
value of ENP18 at the same wavelength.  Particulate backscattering within whiting water was 
37% to 47% higher than outside water. 
 
Table 3.3.  Salinity and chl-a concentrations for water samples collected on April 18 2014.   
Highlighted samples were collected within the whiting area. 
 
Station 
 
Salinity 
[Chl a] 
(mg m-3) 
ENP18 37.11 1.56 
W01 36.79 1.26 
W02 36.67 1.43 
W03 36.71 1.13 
W04 36.71 1.42 
ENP19 36.66 1.12 
Whiting Avg. 36.72 1.31 
Non-Whiting 
Avg. 
36.89 1.34 
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3.3.4 Bottom Sediment Grain Size  
 In total, 11 surface bottom sediment samples were collected during pre-whiting 
conditions.  Five samples were collected during post-whiting conditions, and four samples were 
collected during a whiting event.  Average surface sediment from pre-, post-, and extant whiting 
conditions were found to have similar grain size fractionations (σavg 1.5%).  SWFL surface 
bottom sediment was dominated by medium (500 – 250 µm) and fine (250 – 125 µm) sand grain 
sizes (Fig. 3.17).  On average 94.6% of sediment was composed of sand grain sizes, and mud 
grain sizes constituted the remaining 5.4%.  There were no significant differences between 
sampling conditions in any grain size interval.  The composition of surface bottom sediment 
collected from locations of active whiting was analyzed using SEM.  The sediment was 
composed of mostly large (> 10 µm) aggregated pellets of broken diatom frustules and mineral 
deposits, with unidentified organic material (Fig. 3.18).  There were also small, individual 
segments of broken coccoliths, diatom frustules, and unidentified minerals evenly distributed 
throughout the sediment.  Very few whole diatoms cells were observed. 
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Figure 3.5.  Grain size fractionation of local bottom sediment for each sampled whiting 
condition.   
Standard error bars are shown.  Pre-whiting, n = 11; during whiting, n = 4; post-whiting, n = 5.  
Average bottom sediment grain size for each whiting condition was > 250 µm. 
 
 
Figure 3.6.  SEM photomicrographs of local whiting bottom sediment.   
Images show bottom surface sediment collected from W01 on April 18, 2015, beneath an active 
whiting event.  Sediment differed from whiting water particulate in size and composition.  
Bottom sediment contained aggregated pellets of broken diatom frustules, minerals, and organic 
material. 
 
3.4  Discussion 
 Prior to this study, no in-situ analysis of SWFL whitings had been conducted.  Because 
satellite imagery showed that SWFL whitings were very similar to Bahamas whitings (i.e., in 
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formation, duration, and color), similarities across studies were anticipated.  Indeed, previous 
field measurements of The Bahamas whitings showed certain characteristics that were also 
observed in SWFL whiting samples.  These included an increase in backscattering and in-situ Rrs 
(Dierssen et al., 2009), changes in CO2 parameters (pCO2, TNA, and NTCO2) (Bustos-Serrano et 
al., 2009), and the presence of anhedral and rounded composite crystal structures (Robbins & 
Blackwelder, 1992).  Unexpected by comparison to the Bahamian whiting particles, was the 
abundance of the centric diatom Thalassiosira sp. in the range of 3 – 7 µm with mineral-like 
attachments, and the absence of aragonite pellets in SEM imagery (Shinn et al., 1989; Robbins & 
Blackwelder, 1992).  In absence of aragonite formations, SEM images showed an abundance of 
carbonate particles ranging in morphologies from elongated layers forming oblong-shaped 
pellets terminating at blunt points, to conglomerates of anhedral and subhedral forms. 
3.4.1 Potential Whiting Mediation by Thalassiosira sp. 
 Precipitation of calcium carbonate by photosynthesizing bacteria has long been proposed 
as a driving force of whiting formation.  In previous studies, autotrophic cell counts were found 
to be higher in whiting water than contiguous waters and TEM showed individual picoplankton 
cells of Synechococcus and Synechocystis covered with calcium carbonate particles (Robbins et 
al., 1996).  The presence of diatoms in marine whiting particulate has been previously 
documented in Mediterranean karstic marine lakes by Sondi and Juračić (2010), who found 
fragmented diatom frustules with aragonite in a mix of unidentified organic material, and in the 
Persian Gulf by Wells & Illing (1964).  It should be mentioned however, that the abundance of 
smaller organisms (such as picoplankton) is unknown as they were not examined, nor was an 
association between the diatom frustules and whiting material mentioned.  In lacustrine 
environments, SEM and TEM showed that no calcite was associated with diatoms species 
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present (Thompson et al., 1997).  As these are the only whiting studies to mention diatoms, the 
results presented in this study are the first to show not only a dominant species of diatom within 
whiting waters (Thalassiosira spp., maximum cell counts = 3.38 x 106 cells L-1), but also a direct 
relationship between diatoms and CaCO3.  SEM techniques revealed the presence of CaCO3 
crystals attached to the outer circumference of intact Thalassiosira sp. frustules, ranging in 
morphology from anhedral and ACC-like structures to sub-hedral elongate crystals.  Only these 
specific, very small (3 – 7 µm), centric diatoms contained mineral-like particulates attached to 
the frustules, while all other species of diatom were relatively clean.  The relationship of 
Thalassiosira sp. with SWFL whiting CaCO3 may be described by thee cases: 1) 
microenvironmental chemical effects through photosynthetic processes, 2) the small size of this 
species (i.e., nucleation effects), and 3) the effects of silica on calcium carbonate precipitation.  
The first and second cases have been previously explored as an explanation for microbially 
induced whitings as detailed in Chapter 1.  Briefly, for the first case, during phytoplankton 
bloom conditions the microenvironment surrounding the cell is favorable to calcium carbonate 
precipitation by having a higher pH (due to uptake of CO2 during photosynthesis) and Ca2+ 
concentration (due to ionic binding at the outer layer and a 2H+/Ca2+ exchange through the cell 
wall) (Thompson & Ferris, 1990; Thompson et al., 1997; Dittrich et al., 2003; Lee et al., 2006; 
Jansson & Northern, 2010; Yates & Robbins, 2001; Schultze-Lam et al., 1992).  In the second 
case, small phytoplankton may be used as nucleation sites for seed crystals in the early 
development of precipitates (Yates & Robbins, 1998).  The third case, which is specific to 
diatom species, has not been considered in the precipitation of CaCO3.  Calcification and 
silicification are usually thought to be entirely separated biomineralization processes.  Recently, 
a species of coccolithophore (Prymnesium neolepis) has been found to generate its coccolith 
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plates using silica in place of calcium carbonate (Edvardsen et al., 2011; Patil et al., 2014; 
Yoshida et al., 2006).  Not only has the presence of diatom-like silica transport genes (SITs) 
been found within P. neolepis, but also a silica deposition vesicle (SDV) similar to that of 
diatoms has been observed (Durak et al., 2015).  While it is not apparent from the observations 
of the current study that Thalassiosira sp. is directly utilizing CaCO3 in frustule formation, the 
results of Durak et al. (2015) represent an unprecedented association between calcification and 
silicification within marine species.  While there are presently no studies known to the author on 
the effects of silica concentrations on calcium carbonate precipitation within the marine 
environment, there have been studies on silica’s effect on the precipitation rate and 
developmental phase transitions towards calcite outside of the marine sciences (Garcia-Ruiz, 
1998; Imai et al., 2003; Kellermeier et al., 2010; Kellermeier et al., 2013; Kitano, 1979;  Klein & 
Walter, 1995;  Lakshtanov & Stipp, 2010; Pina et al., 2009; Zhang et al., 2013).  For example, 
Lakshtanov & Stipp (2010) found that the surface free energy in a solution (σ, the energy 
required to form initial nuclei in precipitation) decreased with increasing silica concentrations, as 
well as the critical nucleation size (the number of molecules needed to form the initial critical 
nuclei).  This has a direct effect on the induction time of nucleation, whereas with increasing 
polymeric silica concentrations, the time required for nucleation to proceed had decreased. 
Other studies have indicated that high silica concentrations stabilize the metastable particles of 
CaCO3, which are first formed during the polymorphic precipitation of calcium carbonate 
(Kellermeier et al., 2010; Kellermeier et al., 2013).  These experiments were carried out at 
concentrations up to 2000 ppm, well within SDV concentrations (e.g., 500 mM [Sullivan, 
1986]).  This may explain why primarily intermediate morphologies of calcite (e.g., ACC) were 
observed attached to the diatom frustules. 
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 Further evidence for the possible interaction of Thalassiosira sp. with the formation of 
SWFL whitings is shown in Figure 3.6.  During pre-whiting conditions Thalassiosira spp. were 
absent in cell sizes < 10 µm.  Samples collected during a whiting event contained Thalassiosira 
spp. that were only < 10 µm, and samples collected just following a whiting event contained 
fractions of both sizes.  The dominance of small (< 10 µm) Thalassiosira spp. may be indicative 
of a bloom occurring just prior to the sampled whiting event.  It is possible that the specific 
occurrence of CaCO3 on Thalassiosira sp. may be explained by this species undergoing a higher 
rate of division than other species, which may be evident by the localization of CaCO3 to the 
girdle bands (the location of cell division and a conduit for chemical interaction with the 
environment).  However, if Thalassiosira sp. cells were acting as the nucleation points for 
whiting generation, it would be expected that cell counts were found much higher within whiting 
waters than outside water, however they were similar.  These cells having been counted via light 
microscopy may explain this.  Because this species was present in very small cell sizes, 
individual features (pores, raphe, etc.) were difficult to see.  As such, they had originally been 
labeled as “small centric diatoms” because only the circular shape could be seen.  However, cells 
with heavy mineral attachments, such as those found within the whiting water, would be difficult 
to observe through light microscopy, which might have lead to lower cell counts.  Based on these 
results, future work may benefit from utilizing TEM in order to observe the exact location of 
mineral attachment to the frustules.  Outside from Thalassiosira sp.’s relationship to whiting, the 
finding of calcite mineral growth along the frustule is novel to studies of diatom biology, and 
would ultimately have an effect on interpreting the sedimentary record. 
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3.4.2 Chemical Constituents 
Two possible scenarios exist for changes in the carbon state inside to outside whiting 
waters.  1) If whitings are precipitation events mediated by non-biogenic factors (i.e., nucleated 
onto resuspended sediment), then it is expected that TA and pH will greatly decrease within 
whiting while pCO2 increases (Broecker & Takahashi, 1966).  2) If whitings are biologically 
mediated precipitation events, there may be little to no net change in pH, saturation state, or 
pCO2 from inside to outside whiting waters, due to photosynthesis having a counterbalancing 
effect on precipitation (Smith & Veeh, 1989; Robbins & Blackwelder, 1992).  No difference in 
TA and pH may also be observed if whitings were entirely formed by resuspended sediment, 
however this hypothesis is not taken into consideration due to insignificant correlation between 
whitings and high, sustained winds, or any other evidence (Lloyd, 2012).  Many previous studies 
on the GBB whitings revealed little difference in the carbonate parameters of whiting water to 
clear adjacent water (Cloud, 1962; Broecker & Takahashi, 1966; Morse et al., 1984).  In more 
recent work, Bustos-Serrano et al. (2009) found evidence that whitings are active precipitation 
events, based on pCO2, TA, and TCO2 measurements.  They found that TCO2 and TA greatly 
decreased in samples collected from whiting waters, while pCO2 increased within whiting water 
compared to outside waters.  The results presented here show a similar decrease of magnitude in 
TA and TCO2, however pCO2 was found to decrease (rather than increase) gradually from 
outside to inside whiting waters.  If the decrease in TA indicates active precipitation within 
SWFL whiting waters, then pCO2 would be expected to increase if the whiting events are largely 
abiotic.  As such, the decrease in pCO2 and [CO2] may be explained by increased photosynthesis.  
The relative increase in pH within whiting gives further evidence of increased photosynthesis 
within the whiting water.  Overall, the waters of SWFL are supersaturated with respect to 
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aragonite and calcite.  Waters within and nearby whiting were slightly less saturated than outside 
water, which may be explained if the whiting water was actively precipitating.  Though changes 
in Ω(AR), Ω(CA), pCO2 and pH are small, this would be expected if the water chemistry is being 
affected by both photosynthesis and carbonate precipitation simultaneously (Smith & Veeh, 
1989; Robbins & Blackwelder, 1992).  In order to determine whether these relationships are 
consistent for SWFL whitings, further work is needed with a larger sample size.  Future 
sampling may also benefit through filtering the whiting water during collection in order to avoid 
contamination from particulate inorganic carbon. 
3.4.3 Optical Properties 
 Because whitings are composed of mineral particles, their backscattering and remote 
sensing reflectances are expected to be higher than surrounding water, such as shown in the 
results of Dierssen et al. (2009).  The particulate backscattering results presented here show an 
increase of 37% to 47% within whiting water compared to outside water, while the results of 
Dierssen et al. (2009) found an order of magnitude increase in whiting water relative to outside 
waters.  This decrease in the outside to inside difference between SWFL vs. Bahamas whiting 
water is likely due the differences in study sites and particle concentrations and compositions.  
The Bahama Banks are an oligotrophic zone with very clear waters.  For instance, bbp in 
Bahamian whiting water was not found to exceed 0.06 m-1 (corresponding to bbp at 470 nm) 
(Dierssen et al., 2009), while the maximum bbp in SWFL whiting water was more than double 
(0.13 m-1, corresponding to bbp at 420 nm).  Also, the mean non-whiting bbp used by Dierssen et 
al. (2009) to compare to bbp within whiting waters was calculated from over 20 samples covering 
the entire Bahama Banks region, rather than from contiguous waters.  As such, it is difficult to 
determine whether the turbidity conditions of all samples were similar to the waters where 
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whitings are frequently located (Lloyd, 2012).  The spectral slope of whiting bbp shown in figure 
3.16.d, is higher than that of outside water, suggesting the presence of small particles (i.e., clays). 
The change in remote sensing reflectance from outside waters to inside whiting waters 
(figures 3.16.a – c) was also similar to the changes found by Dierssen et al. (2009).  Due to the 
particle color that leads to the turbid nature of whiting water (i.e., white), the spectral shape of 
Rrs inside whiting is very similar to contiguous waters, but with an increase in magnitude at 
nearly all wavelengths.  Because of its high reflectance and nearly homogenous increase in 
magnitude, it is difficult to find a suitable algorithm to differentiate pixels that are indicative of 
whiting in satellite imagery from pixels that are indicative of resuspended or shallow bottom 
sediment.  Due to the fact that whitings occur mostly in shallow areas, this is an unavoidable 
problem.  The narrowing effect of whiting water’s spectral shape shown in figure 3.16.b was the 
only consistent change from outside water.  Attempts were made to spectrally classify whitings 
in MODIS imagery using this characteristic; however, due to shallow-water bathymetry having a 
similar effect on spectral shape, it was impossible to automatically distinguish whitings from 
bright, shallow sediment bottom.  However, shallow bottom sediment does not change in time, 
therefore an image sequence (such as that used in the current study) can be used to differentiate 
the two bright features manually. 
3.4.4 Resuspension of local bottom sediment 
Bottom sediment grain sizes of the SWFL study region were similar to The Bahamas, 
composed of mostly medium to fine sand grain sizes.  However a slightly smaller average size 
was observed (approximately 250 µm in SWFL compared to 382 µm for Andros Island, 
Bahamas [Dierssen et al., 2009]).  Notably, bottom sediment collected during whiting was on 
average lower in all size fractions < 125 µm, however this was not statistically different within 
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standard errors of pre- and post-whiting conditions.  Also, particulate backscattering data 
suggests that whiting material is mostly mud-sized, which made up only ~ 5% of SWFL bottom 
sediment.  Differences between grain sizes of bottom sediment and whiting particulates were 
observed.  Additionally, no benthic cells were found in whiting particulate.  Furthermore, a 
sediment resuspension experiment was conducted in the study region over multiple types of 
sediment; from coastal peat-dominated sediment to sand-dominated sediment.  The goal of the 
experiment was to collect in-situ Rrs data of the resuspended sediment to compare to whiting Rrs.  
In all cases, resuspended bottom sediment settled before Rrs sampling concluded (less than 5 
minutes). 
3.5 Summary and Conclusions 
The maximum cell count of phycocyanin-containing picophytoplankton (e.g., 
cyanobacteria) within whiting waters (75.8x105 cells L-1) was nearly five times higher than 
outside waters (15.7x105 cells L-1) (Table B.3).  The only microbe found consistently within 
whiting waters (Nitzschia sp.) was absent from non-whiting water.  For the first time a specific 
species of diatom was found to make up a significant fraction of the total population within 
whiting water, Thalassiosira sp. (25% on average of total cell counts).  From samples collected 
during pre-whiting conditions, Thalassiosira spp. was found present only in cell sizes > 10 µm, 
ranging from 2.3x104 cells L-1 to 1.1x106 cells L-1 (the highest count was sampled at a river 
mouth).  During a whiting event, Thalassiosira spp. was only present in cell sizes < 10 µm.  
Maximum cell counts of Thalassiosira spp. < 10 µm within whiting reached 3.4x106 cells L-1, 
while the station furthest from whiting (but within 2 miles) contained 8.5x105 cells L-1.  Post-
whiting samples contained an even distribution of both size classes (>10 µm and < 10 µm) 
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ranging from 1.6x104 cells L-1 to 1.2x105 cells L-1.  SEM micrographs of the smaller (< 10 µm) 
Thalassiosira spp. in whiting samples showed that this size fraction was made up of a specific 
species (Thalassiosira sp.) which was consistently affected by CaCO3 growths at the outer 
perimeter of the frustules, while all other diatom species were unaffected.  Polarized light 
microscopy of settled whiting particulate confirmed a high concentration of birefringent 
minerals. 
Though no significant change was found in the carbonate parameters of whiting water 
when compared to outside water, this is consistent with previous studies of whiting (Broecker, 
2000; Broecker & Takahashi, 1966; Morse et al., 1984).  Within whiting, pH was slightly higher 
than outside waters.  TA, Ω(AR), Ω(CA), pCO2, and [CO2] was lower within whiting and in 
contiguous water than outside waters. 
Particulate backscattering was 37% to 47% higher within whiting and had a larger slope 
than outside waters, indicating a higher particulate concentration, composed of smaller particles.  
There was no significant change in the spectral shape of Rrs within whiting water from outside 
water, however whiting Rrs was elevated compared to outside waters, with the largest increase 
from 500 to 600 nm. 
Our study provides insight into a previously uncharted region of whiting occurrence 
(SWFL).  While the sample size is rather limited due to difficulties in rapid response to conduct 
field experiments after capturing a whiting event on satellite imagery, these field and laboratory 
measurements do provide new information on the characteristics of SWFL’s whitings.  Although 
it is hard to conclusively describe whiting formation mechanisms from these data, they do 
support the hypothesis that whitings and phytoplankton are connected and also provide a 
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reference for future studies to continue this research towards the ultimate goal of fully 
understanding the mechanisms driving whiting formation, maintenance, and dissipation. 
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK 
 
 The driving forces behind whiting formation have been debated in the scientific 
community for decades.  Studies of global carbon budget also require a better understanding of 
the local effects of whiting events on carbon cycling.  Assuming an average of 10.6 mg L-1 of 
suspended CaCO3 within whiting water (Shinn et al., 1989), and an average daily observable 
whiting coverage of 2.58 km2 per day for the entire SWFL time series (2003 – 2015), reaching at 
least 2 m in depth, it can be calculated that 55 metric tons of CaCO3 is suspended in SWFL 
whitings on average, at any given time.  On days of maximum whiting (i.e., whiting coverage > 
100 km2) there may be more than 2,120 metric ton of suspended CaCO3 at any given time.  
Although the average settling rate of whiting material for SWFL is unknown, using the whiting 
sedimentation rates found by Shinn et al. (1989) of 34 g m-2 hr-1, there could be more than 40.8 
kton of CaCO3 settling on days of maximum whiting coverage over a 12-hour period. This result 
may be rather conservative compared to the actual amount of lime-mud deposition if SWFL 
whitings were a result of precipitation.  This is because smaller whitings cannot be resolved due 
to the limited resolution of MODIS images and are excluded from this study, although they are 
known to exist (Fig. 4.1).  However, it has been previously calculated that the local bottom 
sediment is composed of only ~8% carbonate (Long et al., 2014).  Therefore, if SWFL whitings 
are actively generated within the water column, the CaCO3 is either dissolved or pushed further 
offshore before deposition can occur. 
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Figure 4.1.  Landsat RGB-image showing several smaller whiting patches that would not be 
resolved in MODIS images.   
Near the mouth of Shark River (north of Florida Bay), several smaller areas of whiting can be 
seen due to the higher resolution of Landsat images.  For this reason, the whiting coverage from 
the MODIS whiting time series are likely underestimates.  However, MODIS was chosen for the 
time series due to its daily coverage, whereas Landsat would not have given a suitable temporal 
resolution. 
In this study, spatio-temporal and in-situ characteristics of SWFL whitings are reported 
for the first time.  Major findings of Chapter 2 include observations of seasonal cycles that are 
similar to The Bahamas whitings (e.g., maximum whiting coverage in the spring and autumn) 
and a correlation between the distribution of whitings from shore and the total annual whiting 
coverage.  Additionally, there was a dramatic increase in whiting coverage in 2011 and 2012.  
Overall, annual fluctuations in whiting coverage could not be explained by SST, wind speed, or 
river discharge alone, and they likely depend on a complex mix of parameters.  In Chapter 3, 
samples were collected from active whiting waters and analyzed through a multidisciplinary 
approach.  While the sample size was low due to difficulties in whiting event response, the major 
findings of Chapter 3 provide the first biochemical analysis of SWFL whitings.  These include 
2 km Landsat-5 
May 05, 2011 
clouds 
whiting 
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minor changes in carbon state parameters within whiting water, an increase in the magnitude of 
optical backscattering and in-situ Rrs spectra, and observations of a dominant small centric 
diatom (Thalassiosira sp.) associated with CaCO3 crystallization.   
 The theory that whitings are the visual manifestation of resuspended sediment can now 
be further assessed using the sediment data collected in Chapter 3 and the time series of wind 
speed and whiting occurrence developed in Chapter 2.  For example, the wind speed necessary to 
suspend Bahamas sediment through Langmuir cells (at 5 m depth and a buoyancy frequency of 
0.02 s-1) has been calculated to be 7.35 m s-1 (Dierssen et al., 2009; Li & Garrett, 1997).  Using a 
more conservative estimate of 6.0 m s-1 for the resuspension of SWFL bottom sediment, only 
2.5% of whiting days occur during average daily wind speeds greater than 6.0 m s-1.  In fact, 
more than 60% of whitings occurred during days with average wind speeds less than 3.0 m s-1.  
Wind speed data taken at a finer temporal resolution were also analyzed in order to include wind 
gusts.  This data, averaged over four hours, showed no indication of whiting events being more 
common during high-winds, and showed results similar to the daily analysis, where whiting 
occurred more frequently during lower wind speeds (< 5 m s-1).  It is therefore unlikely that 
whitings are a manifestation of precipitation induced by wind-induced resuspended sediment.  
 Chemical data suggests that the whiting event sampled was not the result of inorganic, 
homogeneous, instantaneous precipitation within the water column, nor onto resuspended 
sediments.  However, it is possible that similarities between the carbon states of inside and 
outside waters may occur through a combination of active precipitation and photosynthesis.  
SEM observations of Thalassiosira sp. covered in CaCO3 crystals further suggest a biological 
influence on the whiting water sampled.  Whether these cells acted as critical nucleation sites to 
form whitings (i.e., the cause of whitings), or were had subsequently adhered to whiting 
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particulate following initial nucleation is unknown.  However, because the CaCO3 particles were 
localized to the girdle bands of Thalassiosira sp., and no other diatom species were found with 
similar particle attachments, it is unlikely that the observed particles had been nucleated apart 
from the cell of Thalassiosira sp. and later adhered.  Furthermore, cells of Thalassiosira sp. with 
the largest amounts of mineralization appeared to be dead upon collection (due to missing 
organics in SEM), whereas Thalassiosira sp. cells with minor amounts of mineral attachments, 
or seed crystallization, more often had organics conserved.  This suggests that nucleation began 
while cells were living and that the progression of CaCO3 formation may have caused cell 
degradation by limiting nutrient input and cellular growth along the girdle bands. 
This study provides foundational knowledge of SWFL whiting events from an 
interdisciplinary perspective.  The results presented here not only add to theories of whiting 
formation and persistence in semitropical environments, but provide new questions for the study 
of whitings as a whole.  Future work in the field of whitings would benefit from further analysis 
of SWFL whitings.  Specifically, the following questions which have arisen from this study may 
be addressed to extend the current findings; 
Q1)  Are the observed differences in the carbonate parameters inside to outside whiting water 
consistent and significant? 
Q2)  What causes the apparent trend in whiting distibution from shore with increasing annual 
mean coverage? 
Q3)  Is the calcification of Thalassiosira sp. a cause or effect of whiting formation? 
Q4)  Why is CaCO3 precipitation specific to Thalassiosira sp.? 
To address these questions, further field research will be needed with a focus on carbonate 
parameters and taxonomy.  Question 1 can be answered simply through additional sampling.  To 
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address Question 2, offshore (> 20 km from shore) whiting samples will also be required for 
comparison with nearshore whiting characteristics, which may expose differences in generation 
pathways, revealing more than one whiting-type.  Questions 3 may be answered through 
radiocarbon dating techniques, by comparing the ages of the CaCO3 on the diatom frustules to 
those in the water column and bottom sediment.  Question 4 will require additional techniques in 
microbiology and genetics.  For example, this preference may be explained by something as 
simple as the frustule size or rate of cell division, or as complex as a specific enzymatic activity 
within this species.  Geologically, discovery of an association between diatoms and CaCO3 
growth is useful in the study of past whitings over long, decadal, time periods.  Because the 
CaCO3 in Bahamas whitings are associated with bacteria (such as cyanobacteria), this 
association is lost in the sedimentary record as the bacteria decay.  Diatom frustules, however, 
are preserved in the sediment.  For this reason, it may be possible to study the association 
between CaCO3 formation and diatoms throughout geologic time in SWFL, potentially as a 
proxy for whiting occurrence.  
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APPENDICES 
Appendix: Chapter 2 
Figure A.1. Mean monthly whiting coverage of SWFL.   
Similar to annual and season mean whiting coverage, mean monthly whiting coverage was also 
calculated.  At this high temporal resolution, trends are not obvious.  However, it is clear that 
prior to 2009, whiting events were relatively uncommon. 
Figure A.2.  Preliminary data showing the number of observable days in MODIS-RGB 
daily imagery per month to contain at least one whiting event in the Gulf of Batabanó, 
Cuba 2010 – 2012.   
Whiting frequency was calculated as the number of MODIS image to contain at least one 
whiting event over a month divided by the total number of MODIS images over the same month 
with less than 70% cloud cover.  There is a clear intra-annual trend in whiting occurrence, which 
differs from the seasonal cycles found by Lloyd (2012) and Long et al. (2013).  During this time 
period, observable whiting days increased during the winter and spring months.  Data prior to 
June of 2010 was not available for the study.  
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Figure A.3.  Detrital absorption spectra.  
Samples were collected on April 18, 2015, during a whiting event.  Four samples were collected 
from inside whiting water (W01, light blue, W02, orange, W03, grey, and W04, yellow), and two 
samples were collected from outside waters (ENP19, blue, and ENP18, green). 
Figure A.4.  Particulate absorption spectra.  
Samples were collected during a whiting event on April 18, 2015.  Four samples were collected 
from inside whiting water (W01, light blue, W02, orange, W03, grey, and W04, yellow), and two 
samples were collected from outside waters (ENP19, blue, and ENP18, green). 
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Appendix: Chapter 3 
Table B.1.  Marine microbe taxonomy for samples collected on September 21, 2014.  Cell 
counts in cells L-1. 
Taxonomic Group Species ENP01 ENP02 ENP03 ENP04 ENP05 ENP07 ENP08 ENP09 ENP10 ENP11 ENP12 average 
Percent 
Total 
Picoplankton Phycoerythrin 145900 272700 188400 296300 99200 23200 318900 2500000 781300 167700 1500000 5.72E+05 9.38 
Phycocyanin 482100 511400 568800 745400 706300 158000 43500 555600 317700 583300 2275000 6.32E+05 10.35 
Bacillariophyceae Asterionellopsis glacialis 0 0 0 70000 11600 70000 35000 0 0 11600 0 1.80E+04 0.30 
Bacteriastrum hyalinum 0 23300 0 0 0 0 0 0 0 0 0 2.12E+03 0.03 
Cerataulina dentata 0 0 0 0 46600 0 39000 17600 11600 0 0 1.04E+04 0.17 
Cerataulina pelagica 46600 11600 11600 70000 70000 0 0 0 11600 81600 35600 3.08E+04 0.50 
Chaetoceros heterovalvatus 0 0 0 11600 0 0 35000 23300 0 0 0 6.35E+03 0.10 
Chaetoceros neogracile 35000 0 0 11600 0 0 23300 93300 0 46600 23300 2.12E+04 0.35 
Chaetoceros pendulus 1000 2000 0 11600 1000 0 0 0 0 0 0 1.42E+03 0.02 
Chaetoceros 
pseudocurvisetus 0 58300 0 0 58300 58300 0 0 0 0 0 1.59E+04 0.26 
Chaetoceros spp. 70000 70000 23300 93300 70000 163300 175000 396600 35000 35000 58300 1.08E+05 1.77 
Chaetoceros subtilis 0 0 0 0 0 81600 0 0 0 0 0 7.42E+03 0.12 
Corethron hystrix 0 35000 0 46600 23300 0 0 0 0 0 0 9.54E+03 0.16 
Coscinodiscus sp. 333 333 0 333 0 0 0 0 2300 333 0 3.30E+02 0.01 
Cyclotella 
choctawhatcheana 0 0 0 0 23300 0 105000 58300 0 0 0 1.70E+04 0.28 
Dactyliosolen fragilissimus 0 0 0 35000 116600 0 0 0 46600 23300 0 2.01E+04 0.33 
Guinardia flaccida 0 0 0 0 0 0 0 0 0 0 1600 1.45E+02 0.00 
Guinardia striata 0 11600 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
Haslea wawrikae 11600 0 0 0 0 0 0 0 0 0 333 1.08E+03 0.02 
Hemiaulus hauckii 23300 163300 58300 105000 70000 0 0 0 0 221600 11600 5.94E+04 0.97 
Hemiaulus sinensis 0 23300 11600 23300 23300 0 0 0 23300 116600 7600 2.08E+04 0.34 
Leptocylindrus danicus 46600 23300 58300 140000 0 0 0 0 0 23300 0 2.65E+04 0.43 
Leptocylindrus minimus 0 35000 0 35000 0 0 46600 0 0 23300 0 1.27E+04 0.21 
Melosira nummuloides 0 0 23300 0 0 0 0 0 0 0 0 2.12E+03 0.03 
Naviculoid sp. 0 0 0 0 0 58300 0 0 0 0 0 5.30E+03 0.09 
Nitzschia closterium 70000 23300 23300 81600 93300 11600 23000 140000 0 58300 11600 4.87E+04 0.80 
Pleurosigma angulatum 35000 46600 11600 23300 0 0 0 0 0 0 0 1.06E+04 0.17 
Pseudo-nitzschia brasiliana 0 0 105000 81600 46600 9600 151600 116600 0 93300 361600 8.78E+04 1.44 
Pseudo-nitzschia spp. 8656600 13230000 6381600 3173300 1820000 58300 81600 93300 886600 3336600 1703300 3.58E+06 58.74 
Pseudosolenia calcar-avis 1600 667 1000 667 1000 0 0 0 0 1300 1000 6.58E+02 0.01 
Rhizosolena imbricata 667 333 0 0 1000 0 0 0 0 2000 1000 4.55E+02 0.01 
Rhizosolenia pungens 186600 256600 140000 81600 58300 0 0 23300 23300 140000 70000 8.91E+04 1.46 
Rhizosolenia setigera 11600 11600 11600 35000 0 0 0 0 11600 58300 6600 1.33E+04 0.22 
Skeletonema costatum 0 0 0 0 0 0 0 0 0 0 128300 1.17E+04 0.19 
Skeletonema grethae 0 0 0 0 0 0 0 46600 0 0 0 4.24E+03 0.07 
Thalassionema bacillare 70000 81600 0 23300 0 23300 0 70000 0 0 0 2.44E+04 0.40 
Thalassiosira spp. >10 µm 11600 0 0 23300 35000 1143300 350000 945000 58300 0 595000 2.87E+05 4.71 
Dinophyceae Akashiwo sanguinea 0 667 0 0 0 333 0 0 333 333 333 1.82E+02 0.00 
Ceratium fusus 0 0 0 0 0 0 0 0 333 0 0 3.03E+01 0.00 
Ceratium hircus 0 0 0 0 0 0 0 333 333 0 0 6.05E+01 0.00 
Cochlodinium polykrikoides 667 0 0 0 0 0 0 0 0 0 0 6.06E+01 0.00 
Diplopsaloid spp. 2000 1000 0 2000 0 0 0 0 0 0 0 4.55E+02 0.01 
Gonyaulax polygramma 0 0 0 0 0 0 667 0 0 0 0 6.06E+01 0.00 
Gonyaulax spinifera 0 1000 0 0 0 0 1000 4300 2000 0 0 7.55E+02 0.01 
Gymnodinium verruculosum 0 0 35000 667 0 0 0 0 0 0 2000 3.42E+03 0.06 
Gyrodinium pingue 0 0 0 0 0 0 0 0 11600 0 0 1.05E+03 0.02 
Gyrodinium metum 0 11600 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
Karenia mikimotoi 0 0 0 0 0 0 0 0 0 333 0 3.03E+01 0.00 
Karlodinium veneficum 0 0 0 0 0 11600 0 23300 0 0 0 3.17E+03 0.05 
Katodinium asymmetricum 0 1000 11600 0 0 0 0 0 0 0 0 1.15E+03 0.02 
Peridinium quinquecorne 0 0 0 0 0 0 0 13000 0 0 0 1.18E+03 0.02 
Prorocentrum gracile 0 333 0 0 333 0 0 0 0 0 0 6.05E+01 0.00 
Prorocentrum micans 0 0 0 0 0 0 333 2000 0 0 667 2.73E+02 0.00 
Prorocentrum rhathymum 667 23300 14000 11600 2600 0 333 1000 0 1000 667 5.02E+03 0.08 
Protoperidinium divergens 2000 333 0 0 0 0 0 1300 0 333 0 3.61E+02 0.01 
Protoperidinium pallidum 0 0 0 0 0 0 667 333 0 0 0 9.09E+01 0.00 
Protoperidinium pellucidum 0 1000 667 0 333 0 0 1000 0 0 1000 3.64E+02 0.01 
Protoperidinium spp. 1000 0 0 0 1300 0 0 2600 0 0 0 4.45E+02 0.01 
Pyrodinium bahamense 333 0 0 0 0 0 333 10000 2300 333 1000 1.30E+03 0.02 
Chlorophyceae Cryptomonad sp. 0 23300 0 0 0 105000 0 245000 0 35000 46600 4.14E+04 0.68 
Pyramimonas sp. 0 0 11600 11600 0 11600 0 0 23300 0 11600 6.34E+03 0.10 
Coccolithophyceae 
coccolithophorid 
unidentified 0 0 0 0 0 0 0 0 0 11600 0 1.05E+03 0.02 
Cyanophyceae Aphanocapsa sp. 0 0 0 0 0 0 0 0 0 373300 0 3.39E+04 0.56 
Chroococcus
aphanocapsoides 0 0 0 0 0 140000 0 0 0 326600 280000 6.79E+04 1.11 
Geitlerinema sp. 0 0 0 0 0 0 0 0 0 303300 0 2.76E+04 0.45 
Johannesbaptistia pellucida 32600 17000 0 90600 22300 0 33600 0 7300 26000 7300 2.15E+04 0.35 
Limnothrix sp. 0 0 0 0 81600 0 281000 0 0 0 0 3.30E+04 0.54 
Haptophyceae Chattonella subsalsa 0 0 0 0 0 0 0 0 0 0 333 3.03E+01 0.00 
Chrysochromulina sp. 11600 0 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
haptophyte unidentified 0 0 0 0 11600 11600 0 46600 0 0 23300 8.46E+03 0.14 
Euglenophyceae Euglena sp. 333 333 667 333 1000 667 333 0 0 0 0 3.33E+02 0.01 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 667 0 0 333 0 0 0 667 0 0 0 1.52E+02 0.00 
Ungrouped Taxa
Choanoflagellates
unidentified 11600 0 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
Katablepharidophyce
ae: Leucocryptos marina 0 0 0 0 0 0 0 11600 0 0 0 1.05E+03 0.02 
Heterotrophic flagellates 58300 35000 11600 11600 23300 0 35000 0 11600 81600 11600 2.54E+04 0.42 
Microphytoflagellates 105000 0 0 35000 105000 35000 70000 105000 23300 35000 0 4.67E+04 0.76 
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Table B.1. (continued) 
 Taxonomic Group Species ENP01 ENP02 ENP03 ENP04 ENP05 ENP07 ENP08 ENP09 ENP10 ENP11 ENP12 average 
Percent 
Total 
Picoplankton Phycoerythrin 145900 272700 188400 296300 99200 23200 318900 2500000 781300 167700 1500000 5.72E+05 9.38 
Phycocyanin 482100 511400 568800 745400 706300 158000 43500 555600 317700 583300 2275000 6.32E+05 10.35 
Bacillariophyceae Asterionellopsis glacialis 0 0 0 70000 11600 70000 35000 0 0 11600 0 1.80E+04 0.30 
Bacteriastrum hyalinum 0 23300 0 0 0 0 0 0 0 0 0 2.12E+03 0.03 
Cerataulina dentata 0 0 0 0 46600 0 39000 17600 11600 0 0 1.04E+04 0.17 
Cerataulina pelagica 46600 11600 11600 70000 70000 0 0 0 11600 81600 35600 3.08E+04 0.50 
Chaetoceros heterovalvatus 0 0 0 11600 0 0 35000 23300 0 0 0 6.35E+03 0.10 
Chaetoceros neogracile 35000 0 0 11600 0 0 23300 93300 0 46600 23300 2.12E+04 0.35 
Chaetoceros pendulus 1000 2000 0 11600 1000 0 0 0 0 0 0 1.42E+03 0.02 
Chaetoceros
pseudocurvisetus 0 58300 0 0 58300 58300 0 0 0 0 0 1.59E+04 0.26 
Chaetoceros spp. 70000 70000 23300 93300 70000 163300 175000 396600 35000 35000 58300 1.08E+05 1.77 
Chaetoceros subtilis 0 0 0 0 0 81600 0 0 0 0 0 7.42E+03 0.12 
Corethron hystrix 0 35000 0 46600 23300 0 0 0 0 0 0 9.54E+03 0.16 
Coscinodiscus sp. 333 333 0 333 0 0 0 0 2300 333 0 3.30E+02 0.01 
Cyclotella 
choctawhatcheana 0 0 0 0 23300 0 105000 58300 0 0 0 1.70E+04 0.28 
Dactyliosolen fragilissimus 0 0 0 35000 116600 0 0 0 46600 23300 0 2.01E+04 0.33 
Guinardia flaccida 0 0 0 0 0 0 0 0 0 0 1600 1.45E+02 0.00 
Guinardia striata 0 11600 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
Haslea wawrikae 11600 0 0 0 0 0 0 0 0 0 333 1.08E+03 0.02 
Hemiaulus hauckii 23300 163300 58300 105000 70000 0 0 0 0 221600 11600 5.94E+04 0.97 
Hemiaulus sinensis 0 23300 11600 23300 23300 0 0 0 23300 116600 7600 2.08E+04 0.34 
Leptocylindrus danicus 46600 23300 58300 140000 0 0 0 0 0 23300 0 2.65E+04 0.43 
Leptocylindrus minimus 0 35000 0 35000 0 0 46600 0 0 23300 0 1.27E+04 0.21 
Melosira nummuloides 0 0 23300 0 0 0 0 0 0 0 0 2.12E+03 0.03 
Naviculoid sp. 0 0 0 0 0 58300 0 0 0 0 0 5.30E+03 0.09 
Nitzschia closterium 70000 23300 23300 81600 93300 11600 23000 140000 0 58300 11600 4.87E+04 0.80 
Pleurosigma angulatum 35000 46600 11600 23300 0 0 0 0 0 0 0 1.06E+04 0.17 
Pseudo-nitzschia brasiliana 0 0 105000 81600 46600 9600 151600 116600 0 93300 361600 8.78E+04 1.44 
Pseudo-nitzschia spp. 8656600 13230000 6381600 3173300 1820000 58300 81600 93300 886600 3336600 1703300 3.58E+06 58.74 
Pseudosolenia calcar-avis 1600 667 1000 667 1000 0 0 0 0 1300 1000 6.58E+02 0.01 
Rhizosolena imbricata 667 333 0 0 1000 0 0 0 0 2000 1000 4.55E+02 0.01 
Rhizosolenia pungens 186600 256600 140000 81600 58300 0 0 23300 23300 140000 70000 8.91E+04 1.46 
Rhizosolenia setigera 11600 11600 11600 35000 0 0 0 0 11600 58300 6600 1.33E+04 0.22 
Skeletonema costatum 0 0 0 0 0 0 0 0 0 0 128300 1.17E+04 0.19 
Skeletonema grethae 0 0 0 0 0 0 0 46600 0 0 0 4.24E+03 0.07 
Thalassionema bacillare 70000 81600 0 23300 0 23300 0 70000 0 0 0 2.44E+04 0.40 
Thalassiosira spp. >10 µm 11600 0 0 23300 35000 1143300 350000 945000 58300 0 595000 2.87E+05 4.71 
Dinophyceae Akashiwo sanguinea 0 667 0 0 0 333 0 0 333 333 333 1.82E+02 0.00 
Ceratium fusus 0 0 0 0 0 0 0 0 333 0 0 3.03E+01 0.00 
Ceratium hircus 0 0 0 0 0 0 0 333 333 0 0 6.05E+01 0.00 
Cochlodinium polykrikoides 667 0 0 0 0 0 0 0 0 0 0 6.06E+01 0.00 
Diplopsaloid spp. 2000 1000 0 2000 0 0 0 0 0 0 0 4.55E+02 0.01 
Gonyaulax polygramma 0 0 0 0 0 0 667 0 0 0 0 6.06E+01 0.00 
Gonyaulax spinifera 0 1000 0 0 0 0 1000 4300 2000 0 0 7.55E+02 0.01 
Gymnodinium verruculosum 0 0 35000 667 0 0 0 0 0 0 2000 3.42E+03 0.06 
Gyrodinium pingue 0 0 0 0 0 0 0 0 11600 0 0 1.05E+03 0.02 
Gyrodinium metum 0 11600 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
Karenia mikimotoi 0 0 0 0 0 0 0 0 0 333 0 3.03E+01 0.00 
Karlodinium veneficum 0 0 0 0 0 11600 0 23300 0 0 0 3.17E+03 0.05 
Katodinium asymmetricum 0 1000 11600 0 0 0 0 0 0 0 0 1.15E+03 0.02 
Peridinium quinquecorne 0 0 0 0 0 0 0 13000 0 0 0 1.18E+03 0.02 
Prorocentrum gracile 0 333 0 0 333 0 0 0 0 0 0 6.05E+01 0.00 
Prorocentrum micans 0 0 0 0 0 0 333 2000 0 0 667 2.73E+02 0.00 
Prorocentrum rhathymum 667 23300 14000 11600 2600 0 333 1000 0 1000 667 5.02E+03 0.08 
Protoperidinium divergens 2000 333 0 0 0 0 0 1300 0 333 0 3.61E+02 0.01 
Protoperidinium pallidum 0 0 0 0 0 0 667 333 0 0 0 9.09E+01 0.00 
Protoperidinium pellucidum 0 1000 667 0 333 0 0 1000 0 0 1000 3.64E+02 0.01 
Protoperidinium spp. 1000 0 0 0 1300 0 0 2600 0 0 0 4.45E+02 0.01 
Pyrodinium bahamense 333 0 0 0 0 0 333 10000 2300 333 1000 1.30E+03 0.02 
Chlorophyceae Cryptomonad sp. 0 23300 0 0 0 105000 0 245000 0 35000 46600 4.14E+04 0.68 
Pyramimonas sp. 0 0 11600 11600 0 11600 0 0 23300 0 11600 6.34E+03 0.10 
Coccolithophyceae
coccolithophorid 
unidentified 0 0 0 0 0 0 0 0 0 11600 0 1.05E+03 0.02 
Cyanophyceae Aphanocapsa sp. 0 0 0 0 0 0 0 0 0 373300 0 3.39E+04 0.56 
Chroococcus
aphanocapsoides 0 0 0 0 0 140000 0 0 0 326600 280000 6.79E+04 1.11 
Geitlerinema sp. 0 0 0 0 0 0 0 0 0 303300 0 2.76E+04 0.45 
Johannesbaptistia pellucida 32600 17000 0 90600 22300 0 33600 0 7300 26000 7300 2.15E+04 0.35 
Limnothrix sp. 0 0 0 0 81600 0 281000 0 0 0 0 3.30E+04 0.54 
Haptophyceae Chattonella subsalsa 0 0 0 0 0 0 0 0 0 0 333 3.03E+01 0.00 
Chrysochromulina sp. 11600 0 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
haptophyte unidentified 0 0 0 0 11600 11600 0 46600 0 0 23300 8.46E+03 0.14 
Euglenophyceae Euglena sp. 333 333 667 333 1000 667 333 0 0 0 0 3.33E+02 0.01 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 667 0 0 333 0 0 0 667 0 0 0 1.52E+02 0.00 
Ungrouped Taxa
Choanoflagellates
unidentified 11600 0 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
Katablepharidophyce
ae: Leucocryptos marina 0 0 0 0 0 0 0 11600 0 0 0 1.05E+03 0.02 
Heterotrophic flagellates 58300 35000 11600 11600 23300 0 35000 0 11600 81600 11600 2.54E+04 0.42 
Microphytoflagellates 105000 0 0 35000 105000 35000 70000 105000 23300 35000 0 4.67E+04 0.76 
Taxonomic Group Species ENP01 ENP02 ENP03 ENP04 ENP05 ENP07 ENP08 ENP09 ENP10 ENP11 ENP12 average
Percent 
Total
Picoplankton Phycoerythrin 145900 272700 188400 296300 99200 23200 318900 2500000 781300 167700 1500000 5.72E+05 9.38 
Phycocyanin 482100 511400 568800 745400 706300 158000 43500 555600 317700 583300 2275000 6.32E+05 10.35 
Bacillariophyceae Asterionellopsis glacialis 0 0 0 70000 11600 70000 35000 0 0 11600 0 1.80E+04 0.30 
Bacteriastrum hyalinum 0 23300 0 0 0 0 0 0 0 0 0 2.12E+03 0.03 
Cerataulina dentata 0 0 0 0 46600 0 39000 17600 11600 0 0 1.04E+04 0.17 
Cerataulina pelagica 46600 11600 11600 70000 70000 0 0 0 11600 81600 35600 3.08E+04 0.50 
Chaetoceros heterovalvatus 0 0 0 11600 0 0 35000 23300 0 0 0 6.35E+03 0.10 
Chaetoceros neogracile 35000 0 0 11600 0 0 23300 93300 0 46600 23300 2.12E+04 0.35 
Chaetoceros pendulus 1000 2000 0 11600 1000 0 0 0 0 0 0 1.42E+03 0.02 
Chaetoceros
pseudocurvisetus 0 58300 0 0 58300 58300 0 0 0 0 0 1.59E+04 0.26 
Chaetoceros spp. 70000 70000 23300 93300 70000 163300 175000 396600 35000 35000 58300 1.08E+05 1.77 
Chaetoceros subtilis 0 0 0 0 0 81600 0 0 0 0 0 7.42E+03 0.12 
Corethron hystrix 0 35000 0 46600 23300 0 0 0 0 0 0 9.54E+03 0.16 
Coscinodiscus sp. 333 333 0 333 0 0 0 0 2300 333 0 3.30E+02 0.01 
Cyclotella 
choctawhatcheana 0 0 0 0 23300 0 105000 58300 0 0 0 1.70E+04 0.28 
Dactyliosolen fragilissimus 0 0 0 35000 116600 0 0 0 46600 23300 0 2.01E+04 0.33 
Guinardia flaccida 0 0 0 0 0 0 0 0 0 0 1600 1.45E+02 0.00 
Guinardia striata 0 11600 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
Haslea wawrikae 11600 0 0 0 0 0 0 0 0 0 333 1.08E+03 0.02 
Hemiaulus hauckii 23300 163300 58300 105000 70000 0 0 0 0 221600 11600 5.94E+04 0.97 
Hemiaulus sinensis 0 23300 11600 23300 23300 0 0 0 23300 116600 7600 2.08E+04 0.34 
Leptocylindrus danicus 46600 23300 58300 140000 0 0 0 0 0 23300 0 2.65E+04 0.43 
Leptocylindrus minimus 0 35000 0 35000 0 0 46600 0 0 23300 0 1.27E+04 0.21 
Melosira nummuloides 0 0 23300 0 0 0 0 0 0 0 0 2.12E+03 0.03 
Naviculoid sp. 0 0 0 0 0 58300 0 0 0 0 0 5.30E+03 0.09 
Nitzschia closterium 70000 23300 23300 81600 93300 11600 23000 140000 0 58300 11600 4.87E+04 0.80 
Pleurosigma angulatum 35000 46600 11600 23300 0 0 0 0 0 0 0 1.06E+04 0.17 
Pseudo-nitzschia brasiliana 0 0 105000 81600 46600 9600 151600 116600 0 93300 361600 8.78E+04 1.44 
Pseudo-nitzschia spp. 8656600 13230000 6381600 3173300 1820000 58300 81600 93300 886600 3336600 1703300 3.58E+06 58.74 
Pseudosolenia calcar-avis 1600 667 1000 667 1000 0 0 0 0 1300 1000 6.58E+02 0.01 
Rhizosolena imbricata 667 333 0 0 1000 0 0 0 0 2000 1000 4.55E+02 0.01 
Rhizosolenia pungens 186600 256600 140000 81600 58300 0 0 23300 23300 140000 70000 8.91E+04 1.46 
Rhizosolenia setigera 11600 11600 11600 35000 0 0 0 0 11600 58300 6600 1.33E+04 0.22 
Skeletonema costatum 0 0 0 0 0 0 0 0 0 0 128300 1.17E+04 0.19 
Skeletonema grethae 0 0 0 0 0 0 0 46600 0 0 0 4.24E+03 0.07 
Thalassionema bacillare 70000 81600 0 23300 0 23300 0 70000 0 0 0 2.44E+04 0.40 
Thalassiosira spp. >10 µm 11600 0 0 23300 35000 1143300 350000 945000 58300 0 595000 2.87E+05 4.71 
Dinophyceae Akashiwo sanguinea 0 667 0 0 0 333 0 0 333 333 333 1.82E+02 0.00 
Ceratium fusus 0 0 0 0 0 0 0 0 333 0 0 3.03E+01 0.00 
Ceratium hircus 0 0 0 0 0 0 0 333 333 0 0 6.05E+01 0.00 
Cochlodinium polykrikoides 667 0 0 0 0 0 0 0 0 0 0 6.06E+01 0.00 
Diplopsaloid spp. 2000 1000 0 2000 0 0 0 0 0 0 0 4.55E+02 0.01 
Gonyaulax polygramma 0 0 0 0 0 0 667 0 0 0 0 6.06E+01 0.00 
Gonyaulax spinifera 0 1000 0 0 0 0 1000 4300 2000 0 0 7.55E+02 0.01 
Gymnodinium verruculosum 0 0 35000 667 0 0 0 0 0 0 2000 3.42E+03 0.06 
Gyrodinium pingue 0 0 0 0 0 0 0 0 11600 0 0 1.05E+03 0.02 
Gyrodinium metum 0 11600 0 0 0 0 0 0 0 0 0 1.05E+03 0.02 
Karenia mikimotoi 0 0 0 0 0 0 0 0 0 333 0 3.03E+01 0.00 
Karlodinium veneficum 0 0 0 0 0 11600 0 23300 0 0 0 3.17E+03 0.05 
Katodinium asymmetricum 0 1000 11600 0 0 0 0 0 0 0 0 1.15E+03 0.02 
Peridinium quinquecorne 0 0 0 0 0 0 0 13000 0 0 0 1.18E+03 0.02 
Prorocentrum gracile 0 333 0 0 333 0 0 0 0 0 0 6.05E+01 0.00 
Prorocentrum micans 0 0 0 0 0 0 333 2000 0 0 667 2.73E+02 0.00 
Prorocentrum rhathymum 667 23300 14000 11600 2600 0 333 1000 0 1000 667 5.02E+03 0.08 
Protoperidinium divergens 2000 333 0 0 0 0 0 1300 0 333 0 3.61E+02 0.01 
Protoperidinium pallidum 0 0 0 0 0 0 667 333 0 0 0 9.09E+01 0.00 
Protoperidinium pellucidum 0 1000 667 0 333 0 0 1000 0 0 1000 3.64E+02 0.01 
Protoperidinium spp. 1000 0 0 0 1300 0 0 2600 0 0 0 4.45E+02 0.01 
Pyrodinium bahamense 333 0 0 0 0 0 333 10000 2300 333 1000 1.30E+03 0.02 
Chlorophyceae Cryptomonad sp. 0 23300 0 0 0 105000 0 245000 0 35000 46600 4.14E+04 0.68 
Pyramimonas sp. 0 0 11600 11600 0 11600 0 0 23300 0 11600 6.34E+03 0.10 
Coccolithophyceae 
coccolithophorid 
unidentified 0 0 0 0 0 0 0 0 0 11600 0 1.05E+03 0.02 
Cyanophyceae Aphanocapsa sp. 0 0 0 0 0 0 0 0 0 373300 0 3.39E+04 0.56 
  
Chroococcus 
aphanocapsoides 0     14  0 0 0 32 6 0 2800 0 6.79E+04 1.11 
Geitlerinema sp. 0      0 0 0 3033 0 0 2.76E+04 0.45 
Johannesbaptistia pellucida 32600 1700   9060  223   3600 0 7300 260 0 73 0 2.15E+04 0.35 
Limnothrix sp. 0    816   281000 0 0 0 0 3.30E+04 0.54 
Haptophyceae Chattonella ubsalsa 0      0 0 0 0 333 3.03E+01 0. 0 
Chrysochromulina sp. 11600      0 0 0 0 0 1.05E+03 0.02 
haptophyte unidentified 0  1 6 1160  0 46600 0 0 233 0 8.46E+03 0.14 
Euglenophyceae Euglena sp. 333 333 667 333 1000 667 333 0 0 0 0 3.33E+02 0.01 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 667  33  0 667 0 0 0 1.52E+02 0.00 
Ungrouped Taxa 
Cho n flagellates 
unid ntified 11600   0 0 0 0 0 1.05E+03 0.02 
Katablepharidophyce
ae: Leu ocryptos marina 0 0 0 0 0 0 0 11600 0 0 0 1.05E+03 0.02 
Heterotrophic fl gellates 58300 3500  1160 1160  3 000 0 11600 816 0 116 0 2.54E+04 0.42 
Microphyt flagellates 105000  050 3500  70000 105000 23300 5 0 0 4.67E+04 0.76 
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Table B.2.  Marine microbe taxonomy for samples collected on November 9, 2014.  Cell 
counts in cells L-1. 
 
  
Taxonomic Group Species ENP13 ENP14 ENP15 ENP16 ENP17 Average 
Percent 
Totak 
Picoplankton Phycoerythrin 62500 166700 361100 224400 60200 1.75E+05 7.64 
  Phycocyanin 1026000 1326400 888900 1089700 879600 1.04E+06 45.53 
Bacillariophyceae Amphiprora sp. 10600 0 0 0 0 2.12E+03 0.09 
Amphora sp. 0 1000 667 333 1300 6.60E+02 0.03 
Asterionellopsis glacialis 1000 0 0 0 0 2.00E+02 0.01 
Bacillaria paxillifera 0 4000 0 0 0 8.00E+02 0.03 
Biddulphia tomeyi 0 0 0 333 0 6.66E+01 0.00 
Campylosira sp. 0 333 667 0 0 2.00E+02 0.01 
Cerataulina pelagica 0 0 0 53300 0 1.07E+04 0.47 
Chaetoceros heterovalvatus 0 333 0 333 0 1.33E+02 0.01 
  Chaetoceros neogracile 10600 333 53300 85300 26600 3.52E+04 1.54 
Chaetoceros pendulus 333 0 0 21300 5300 5.39E+03 0.24 
Chaetoceros pseudocurvisetus 0 0 0 1000 0 2.00E+02 0.01 
Chaetoceros sp. 10600 0 0 0 0 2.12E+03 0.09 
  Chaetoceros spp. 0 5300 597300 416000 112000 2.26E+05 9.88 
  Chaetoceros subtilis 4000 21300 21300 0 1000 9.52E+03 0.42 
Cocconeis sp. 667 1600 10600 1300 5300 3.89E+03 0.17 
Coscinodiscus sp. 0 0 333 333 0 1.33E+02 0.01 
  Cyclotella choctawhatcheana 42600 0 0 0 0 8.52E+03 0.37 
  Dactyliosolen fragilissimus 0 0 10600 10600 16000 7.44E+03 0.33 
Diploneis sp. 0 5300 0 333 1000 1.33E+03 0.06 
Eunotogramma marinum 0 333 333 0 0 1.33E+02 0.01 
Guinardia striata 21300 0 0 0 0 4.26E+03 0.19 
Gyrosigma sp. 2300 1300 2600 1300 1000 1.70E+03 0.07 
Haslea wawrikae 0 0 667 1000 667 4.67E+02 0.02 
  Leptocylindrus danicus 21300 0 96000 64000 26600 4.16E+04 1.82 
  Leptocylindrus minimus 181300 5300 0 42600 0 4.58E+04 2.00 
Melosira moniliformis 0 0 0 667 1000 3.33E+02 0.01 
  Naviculoid sp. 64000 16000 42600 64000 0 3.73E+04 1.63 
  Nitzschia closterium 192000 149300 224000 170600 80000 1.63E+05 7.13 
Nitzschia longissima 10600 333 1000 1300 333 2.71E+03 0.12 
Paralia sulcata 0 1300 333 0 0 3.27E+02 0.01 
Phaeodactylon tricornutum 0 0 0 10600 0 2.12E+03 0.09 
Plagiotropis sp. 1300 1600 1600 333 667 1.10E+03 0.05 
Pleurosigma angulatum 0 0 3300 1600 1000 1.18E+03 0.05 
Pleurosigma sp. 10600 10600 0 0 5300 5.30E+03 0.23 
  Pseudo-nitzschia brasiliana 160000 53300 32000 32000 8300 5.71E+04 2.50 
Pseudo-nitzschia pungens 2600 0 0 0 0 5.20E+02 0.02 
  Pseudo-nitzschia spp. 85300 5300 1600 106600 16000 4.30E+04 1.88 
  Rhizosolenia pungens 10600 5300 149300 106600 21300 5.86E+04 2.56 
Rhizosolenia setigera 10600 1300 1600 21300 2300 7.42E+03 0.32 
Skeletonema costatum 0 3000 0 0 0 6.00E+02 0.03 
  Thalassionema bacillare 21300 10600 32000 23600 48000 2.71E+04 1.18 
Thalassionema nitzschioidies 0 0 3600 6000 10600 4.04E+03 0.18 
  Thalassiosira spp. <10µm 96000 37300 42600 106600 16000 5.97E+04 2.61 
  Thalassiosira spp. >10µm 117300 53300 53300 53300 69300 6.93E+04 3.03 
Triceratium sp. 0 333 333 0 0 1.33E+02 0.01 
Dinophyceae Alexandrium sp. 333 667 667 333 0 4.00E+02 0.02 
Dinophysis caudata 0 333 0 0 0 6.66E+01 0.00 
Diplopsaloid sp. 0 0 0 333 0 6.66E+01 0.00 
Gonyaulax spinifera 0 0 0 0 667 1.33E+02 0.01 
Gymnodinoid sp. 0 0 0 333 0 6.66E+01 0.00 
Heterocapsa pygmaea 0 16000 0 333 0 3.27E+03 0.14 
Heterocapsa rotundata 0 0 10600 10600 0 4.24E+03 0.19 
Karenia mikimotoi 0 0 0 667 0 1.33E+02 0.01 
Karlodinium veneficum 333 5300 10600 10600 1000 5.57E+03 0.24 
Karlodinium sp. 0 1000 333 667 0 4.00E+02 0.02 
Katodinium asymmetricum 0 0 333 0 0 6.66E+01 0.00 
Prorocentrum gracile 0 0 0 333 333 1.33E+02 0.01 
Prorocentrum micans 1600 1000 333 0 333 6.53E+02 0.03 
Protoperidinium divergens 0 0 0 0 333 6.66E+01 0.00 
Protoperidinium pellucidum 0 0 0 667 333 2.00E+02 0.01 
Protoperidinium pentagonum 0 0 0 0 333 6.66E+01 0.00 
Protoperdinium sp. 0 0 667 0 0 1.33E+02 0.01 
Protoperidinium spp. 0 0 0 0 1000 2.00E+02 0.01 
Scrippsielloid sp. 1600 1300 667 1600 1300 1.29E+03 0.06 
Chlorophyceae Ankistrodesmus braunii 0 1000 21300 10600 0 6.58E+03 0.29 
  Cryptomonad sp. 0 10600 0 10600 32000 1.06E+04 0.46 
Pyramimonas sp. 0 5300 0 0 5300 2.12E+03 0.09 
Coccolithophyceae Calciosolenia brasiliensis 0 0 333 0 0 6.66E+01 0.00 
  Coccolithophorid unidentified 0 21300 10600 10600 0 8.50E+03 0.37 
  Michaelsarsia sp. 0 667 53300 42600 0 1.93E+04 0.84 
Cyanophyceae Chroococcus sp. 0 0 667 0 0 1.33E+02 0.01 
  Johannesbaptistia pellucida 0 0 0 9600 32000 8.32E+03 0.36 
Trichodesmium erythraeum F/L 0 0 0 0 5300 1.06E+03 0.05 
Euglenophyceae Eutreptia lanowii 0 333 0 667 0 2.00E+02 0.01 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 0 0 0 0 333 6.66E+01 0.00 
Ungrouped Taxa Microphytoflagellates 42600 10600 21300 138600 26600 4.79E+04 2.09 
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Table B.2. (continued) 
Taxonomic Group Species ENP13 ENP14 ENP15 ENP16 ENP17 Average 
Percent 
Totak 
Picoplankton Phycoerythrin 62500 166700 361100 224400 60200 1.75E+05 7.64 
Phycocyanin 1026000 1326400 888900 1089700 879600 1.04E+06 45.53 
Bacillariophyceae Amphiprora sp. 10600 0 0 0 0 2.12E+03 0.09 
Amphora sp. 0 1000 667 333 1300 6.60E+02 0.03 
Asterionellopsis glacialis 1000 0 0 0 0 2.00E+02 0.01 
Bacillaria paxillifera 0 4000 0 0 0 8.00E+02 0.03 
Biddulphia tomeyi 0 0 0 333 0 6.66E+01 0.00 
Campylosira sp. 0 333 667 0 0 2.00E+02 0.01 
Cerataulina pelagica 0 0 0 53300 0 1.07E+04 0.47 
Chaetoceros heterovalvatus 0 333 0 333 0 1.33E+02 0.01 
Chaetoceros neogracile 10600 333 53300 85300 26600 3.52E+04 1.54 
Chaetoceros pendulus 333 0 0 21300 5300 5.39E+03 0.24 
Chaetoceros pseudocurvisetus 0 0 0 1000 0 2.00E+02 0.01 
Chaetoceros sp. 10600 0 0 0 0 2.12E+03 0.09 
Chaetoceros spp. 0 5300 597300 416000 112000 2.26E+05 9.88 
Chaetoceros subtilis 4000 21300 21300 0 1000 9.52E+03 0.42 
Cocconeis sp. 667 1600 10600 1300 5300 3.89E+03 0.17 
Coscinodiscus sp. 0 0 333 333 0 1.33E+02 0.01 
Cyclotella choctawhatcheana 42600 0 0 0 0 8.52E+03 0.37 
Dactyliosolen fragilissimus 0 0 10600 10600 16000 7.44E+03 0.33 
Diploneis sp. 0 5300 0 333 1000 1.33E+03 0.06 
Eunotogramma marinum 0 333 333 0 0 1.33E+02 0.01 
Guinardia striata 21300 0 0 0 0 4.26E+03 0.19 
Gyrosigma sp. 2300 1300 2600 1300 1000 1.70E+03 0.07 
Haslea wawrikae 0 0 667 1000 667 4.67E+02 0.02 
Leptocylindrus danicus 21300 0 96000 64000 26600 4.16E+04 1.82 
Leptocylindrus minimus 181300 5300 0 42600 0 4.58E+04 2.00 
Melosira moniliformis 0 0 0 667 1000 3.33E+02 0.01 
Naviculoid sp. 64000 16000 42600 64000 0 3.73E+04 1.63 
Nitzschia closterium 192000 149300 224000 170600 80000 1.63E+05 7.13 
Nitzschia longissima 10600 333 1000 1300 333 2.71E+03 0.12 
Paralia sulcata 0 1300 333 0 0 3.27E+02 0.01 
Phaeodactylon tricornutum 0 0 0 10600 0 2.12E+03 0.09 
Plagiotropis sp. 1300 1600 1600 333 667 1.10E+03 0.05 
Pleurosigma angulatum 0 0 3300 1600 1000 1.18E+03 0.05 
Pleurosigma sp. 10600 10600 0 0 5300 5.30E+03 0.23 
Pseudo-nitzschia brasiliana 160000 53300 32000 32000 8300 5.71E+04 2.50 
Pseudo-nitzschia pungens 2600 0 0 0 0 5.20E+02 0.02 
Pseudo-nitzschia spp. 85300 5300 1600 106600 16000 4.30E+04 1.88 
Rhizosolenia pungens 10600 5300 149300 106600 21300 5.86E+04 2.56 
Rhizosolenia setigera 10600 1300 1600 21300 2300 7.42E+03 0.32 
Skeletonema costatum 0 3000 0 0 0 6.00E+02 0.03 
Thalassionema bacillare 21300 10600 32000 23600 48000 2.71E+04 1.18 
Thalassionema nitzschioidies 0 0 3600 6000 10600 4.04E+03 0.18 
Thalassiosira spp. <10µm 96000 37300 42600 106600 16000 5.97E+04 2.61 
Thalassiosira spp. >10µm 117300 53300 53300 53300 69300 6.93E+04 3.03 
Triceratium sp. 0 333 333 0 0 1.33E+02 0.01 
Dinophyceae Alexandrium sp. 333 667 667 333 0 4.00E+02 0.02 
Dinophysis caudata 0 333 0 0 0 6.66E+01 0.00 
Diplopsaloid sp. 0 0 0 333 0 6.66E+01 0.00 
Gonyaulax spinifera 0 0 0 0 667 1.33E+02 0.01 
Gymnodinoid sp. 0 0 0 333 0 6.66E+01 0.00 
Heterocapsa pygmaea 0 16000 0 333 0 3.27E+03 0.14 
Heterocapsa rotundata 0 0 10600 10600 0 4.24E+03 0.19 
Karenia mikimotoi 0 0 0 667 0 1.33E+02 0.01 
Karlodinium veneficum 333 5300 10600 10600 1000 5.57E+03 0.24 
Karlodinium sp. 0 1000 333 667 0 4.00E+02 0.02 
Katodinium asymmetricum 0 0 333 0 0 6.66E+01 0.00 
Prorocentrum gracile 0 0 0 333 333 1.33E+02 0.01 
Prorocentrum micans 1600 1000 333 0 333 6.53E+02 0.03 
Protoperidinium divergens 0 0 0 0 333 6.66E+01 0.00 
Protoperidinium pellucidum 0 0 0 667 333 2.00E+02 0.01 
Protoperidinium pentagonum 0 0 0 0 333 6.66E+01 0.00 
Protoperdinium sp. 0 0 667 0 0 1.33E+02 0.01 
Protoperidinium spp. 0 0 0 0 1000 2.00E+02 0.01 
Scrippsielloid sp. 1600 1300 667 1600 1300 1.29E+03 0.06 
Chlorophyceae Ankistrodesmus braunii 0 1000 21300 10600 0 6.58E+03 0.29 
Cryptomonad sp. 0 10600 0 10600 32000 1.06E+04 0.46 
Pyramimonas sp. 0 5300 0 0 5300 2.12E+03 0.09 
Coccolithophyceae Calciosolenia brasiliensis 0 0 333 0 0 6.66E+01 0.00 
Coccolithophorid unidentified 0 21300 10600 10600 0 8.50E+03 0.37 
Michaelsarsia sp. 0 667 53300 42600 0 1.93E+04 0.84 
Cyanophyceae Chroococcus sp. 0 0 667 0 0 1.33E+02 0.01 
Johannesbaptistia pellucida 0 0 0 9600 32000 8.32E+03 0.36 
Trichodesmium erythraeum F/L 0 0 0 0 5300 1.06E+03 0.05 
Euglenophyceae Eutreptia lanowii 0 333 0 667 0 2.00E+02 0.01 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 0 0 0 0 333 6.66E+01 0.00 
Ungrouped Taxa Microphytoflagellates 42600 10600 21300 138600 26600 4.79E+04 2.09 
Taxonomic Group Species ENP13 ENP14 ENP15 ENP16 ENP17 Average
Percent 
Totak
Picoplankton Phycoerythrin 62500 166700 361100 224400 60200 1.75E+05 7.64 
Phycocyanin 1026000 1326400 888900 1089700 879600 1.04E+06 45.53 
Bacillariophyceae Amphiprora sp. 10600 0 0 0 0 2.12E+03 0.09 
Amphora sp. 0 1000 667 333 1300 6.60E+02 0.03 
Asterionellopsis glacialis 1000 0 0 0 0 2.00E+02 0.01 
Bacillaria paxillifera 0 4000 0 0 0 8.00E+02 0.03 
Biddulphia tomeyi 0 0 0 333 0 6.66E+01 0.00 
Campylosira sp. 0 333 667 0 0 2.00E+02 0.01 
Cerataulina pelagica 0 0 0 53300 0 1.07E+04 0.47 
Chaetoceros heterovalvatus 0 333 0 333 0 1.33E+02 0.01 
Chaetoceros neogracile 10600 333 53300 85300 26600 3.52E+04 1.54 
Chaetoceros pendulus 333 0 0 21300 5300 5.39E+03 0.24 
Chaetoceros pseudocurvisetus 0 0 0 1000 0 2.00E+02 0.01 
Chaetoceros sp. 10600 0 0 0 0 2.12E+03 0.09 
Chaetoceros spp. 0 5300 597300 416000 112000 2.26E+05 9.88 
Chaetoceros subtilis 4000 21300 21300 0 1000 9.52E+03 0.42 
Cocconeis sp. 667 1600 10600 1300 5300 3.89E+03 0.17 
Coscinodiscus sp. 0 0 333 333 0 1.33E+02 0.01 
Cyclotella choctawhatcheana 42600 0 0 0 0 8.52E+03 0.37 
Dactyliosolen fragilissimus 0 0 10600 10600 16000 7.44E+03 0.33 
Diploneis sp. 0 5300 0 333 1000 1.33E+03 0.06 
Eunotogramma marinum 0 333 333 0 0 1.33E+02 0.01 
Guinardia striata 21300 0 0 0 0 4.26E+03 0.19 
Gyrosigma sp. 2300 1300 2600 1300 1000 1.70E+03 0.07 
Haslea wawrikae 0 0 667 1000 667 4.67E+02 0.02 
Leptocylindrus danicus 21300 0 96000 64000 26600 4.16E+04 1.82 
Leptocylindrus minimus 181300 5300 0 42600 0 4.58E+04 2.00 
Melosira moniliformis 0 0 0 667 1000 3.33E+02 0.01 
Naviculoid sp. 64000 16000 42600 64000 0 3.73E+04 1.63 
  Nitzschia closterium 1920 14930 22400 17060 8000  1.63 5 7.13 
Nitzschi  longissima 1060  333 1000 1 00 33 2.71 3 0.12 
Paralia sulcata  130  333   3.27  0.01 
Phaeodactylon tricornutum 0 0 0 10600 0 2.12E+03 0.09 
Plagiotropis sp. 1300 1600 1600 333 667 1.10E+03 0.05 
Pleurosigma angulatum 0 0 3300 1600 1000 1.18E+03 0.05 
Pleurosigma sp. 1060  1060    530  5.30 3 0.23 
Pseudo-nitzschia brasiliana 160000 53300 32000 32000 8300 5.71 04 2.50 
Pseudo-nitzschia pungens 2600 0 0 0 0 5.20 02 0.02 
Pseudo-nitzschia spp. 85300 5300 1600 106600 16000 4.30 04 1.88 
Rhizosolenia pungens 10600 5300 149300 106600 21300 5.86E 04 2.56 
Rhizosolenia setigera 10600 1300 1600 21300 2300 7.42E 03 0.32 
Skeletonema costatum 0 3000 0 0 0 6.00E+02 0.03 
Thalassionema bacillare 21300 10600 32000 23600 48000 2.71E+04 1.18 
Thalassionema nitzschioidies 0 0 3600 6000 10600 4.04E+03 0.18 
Thalassiosira spp. <10µm 96000 37300 42600 106600 16000 5.97E+04 2.61 
Thalassiosira spp. >10µm 117300 53300 53300 53300 69300 6.93E+04 3.03 
Triceratium sp. 0 333 333 0 0 1.33E+02 0.01 
Dinophyceae Alexandrium sp. 333 667 667 333 0 4.00E+02 0.02 
Dinophysis caudata 0 333 0 0 0 6.66E+01 0.00 
Diplopsaloid sp. 0 0 0 333 0 6.66E+01 0.00 
Gonyaulax spinifera 0 0 0 0 667 1.33E+02 0.01 
Gymnodinoid sp. 0 0 0 333 0 6.66E+01 0.00 
Heterocapsa pygmaea 0 16000 0 333 0 3.27E+03 0.14 
Heterocapsa rotundata 0 0 10600 10600 0 4.24E+03 0.19 
Karenia mikimotoi 0 0 0 667 0 1.33E+02 0.01 
Karlodinium veneficum 333 5300 10600 10600 1000 5.57E+03 0.24 
Karlodinium sp. 0 1000 333 667 0 4.00E+02 0.02 
Katodinium asymmetricum 0 0 333 0 0 6.66E+01 0.00 
Prorocentrum gracile 0 0 0 333 333 1.33E+02 0.01 
Prorocentrum micans 1600 1000 333 0 333 6.53E+02 0.03 
Protoperidinium divergens 0 0 0 0 333 6.66E+01 0.00 
Protoperidinium pellucidum 0 0 0 667 333 2.00E+02 0.01 
Protoperidinium pentagonum 0 0 0 0 333 6.66E+01 0.00 
Protoperdinium sp. 0 0 667 0 0 1.33E+02 0.01 
Protoperidinium spp. 0 0 0 0 1000 2.00E+02 0.01 
Scrippsielloid sp. 1600 1300 667 1600 1300 1.29E+03 0.06 
Chlorophyceae Ankistrodesmus braunii 0 1000 21300 10600 0 6.58E+03 0.29 
Cryptomonad sp. 0 10600 0 10600 32000 1.06E+04 0.46 
Pyramimonas sp. 0 5300 0 0 5300 2.12E+03 0.09 
Coccolithophyceae Calciosolenia brasiliensis 0 0 333 0 0 6.66E+01 0.00 
Coccolithophorid unidentified 0 21300 10600 10600 0 8.50 03 0.37 
Michaelsarsia sp. 0 667 53300 42600 0 1.93 04 0.84 
Cyanophyceae Chroococcus sp. 0 0 667 0 0 1.33 02 0.01 
Johannesbaptistia pellucida 0 0 0 9600 32000 8.32E 03 0.36 
Trichodesmium erythraeum F/L 0 0 0 0 5300 1.06E 03 0.05 
Euglenophyceae Eutreptia lanowii 0 333 0 667 0 2.00E+02 0.01 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 0 0 0 0 333 6.66E+01 0.00 
Ungrouped Taxa Microphytoflagellates 42600 10600 21300 138600 26600 4.79E+04 2.09 
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Table B.2. (continued) 
Taxonomic Group Species ENP13 ENP14 ENP15 ENP16 ENP17 Average 
Percent 
Totak 
Picoplankton Phycoerythrin 62500 166700 361100 224400 60200 1.75E+05 7.64 
Phycocyanin 1026000 1326400 888900 1089700 879600 1.04E+06 45.53 
Bacillariophyceae Amphiprora sp. 10600 0 0 0 0 2.12E+03 0.09 
Amphora sp. 0 1000 667 333 1300 6.60E+02 0.03 
Asterionellopsis glacialis 1000 0 0 0 0 2.00E+02 0.01 
Bacillaria paxillifera 0 4000 0 0 0 8.00E+02 0.03 
Biddulphia tomeyi 0 0 0 333 0 6.66E+01 0.00 
Campylosira sp. 0 333 667 0 0 2.00E+02 0.01 
Cerataulina pelagica 0 0 0 53300 0 1.07E+04 0.47 
Chaetoceros heterovalvatus 0 333 0 333 0 1.33E+02 0.01 
Chaetoceros neogracile 10600 333 53300 85300 26600 3.52E+04 1.54 
Chaetoceros pendulus 333 0 0 21300 5300 5.39E+03 0.24 
Chaetoceros pseudocurvisetus 0 0 0 1000 0 2.00E+02 0.01 
Chaetoceros sp. 10600 0 0 0 0 2.12E+03 0.09 
Chaetoceros spp. 0 5300 597300 416000 112000 2.26E+05 9.88 
Chaetoceros subtilis 4000 21300 21300 0 1000 9.52E+03 0.42 
Cocconeis sp. 667 1600 10600 1300 5300 3.89E+03 0.17 
Coscinodiscus sp. 0 0 333 333 0 1.33E+02 0.01 
Cyclotella choctawhatcheana 42600 0 0 0 0 8.52E+03 0.37 
Dactyliosolen fragilissimus 0 0 10600 10600 16000 7.44E+03 0.33 
Diploneis sp. 0 5300 0 333 1000 1.33E+03 0.06 
Eunotogramma marinum 0 333 333 0 0 1.33E+02 0.01 
Guinardia striata 21300 0 0 0 0 4.26E+03 0.19 
Gyrosigma sp. 2300 1300 2600 1300 1000 1.70E+03 0.07 
Haslea wawrikae 0 0 667 1000 667 4.67E+02 0.02 
Leptocylindrus danicus 21300 0 96000 64000 26600 4.16E+04 1.82 
Leptocylindrus minimus 181300 5300 0 42600 0 4.58E+04 2.00 
Melosira moniliformis 0 0 0 667 1000 3.33E+02 0.01 
Naviculoid sp. 64000 16000 42600 64000 0 3.73E+04 1.63 
Nitzschia closterium 192000 149300 224000 170600 80000 1.63E+05 7.13 
Nitzschia longissima 10600 333 1000 1300 333 2.71E+03 0.12 
Paralia sulcata 0 1300 333 0 0 3.27E+02 0.01 
Phaeodactylon tricornutum 0 0 0 10600 0 2.12E+03 0.09 
Plagiotropis sp. 1300 1600 1600 333 667 1.10E+03 0.05 
Pleurosigma angulatum 0 0 3300 1600 1000 1.18E+03 0.05 
Pleurosigma sp. 10600 10600 0 0 5300 5.30E+03 0.23 
Pseudo-nitzschia brasiliana 160000 53300 32000 32000 8300 5.71E+04 2.50 
Pseudo-nitzschia pungens 2600 0 0 0 0 5.20E+02 0.02 
Pseudo-nitzschia spp. 85300 5300 1600 106600 16000 4.30E+04 1.88 
Rhizosolenia pungens 10600 5300 149300 106600 21300 5.86E+04 2.56 
Rhizosolenia setigera 10600 1300 1600 21300 2300 7.42E+03 0.32 
Skeletonema costatum 0 3000 0 0 0 6.00E+02 0.03 
Thalassionema bacillare 21300 10600 32000 23600 48000 2.71E+04 1.18 
Thalassionema nitzschioidies 0 0 3600 6000 10600 4.04E+03 0.18 
Thalassiosira spp. <10µm 96000 37300 42600 106600 16000 5.97E+04 2.61 
Thalassiosira spp. >10µm 117300 53300 53300 53300 69300 6.93E+04 3.03 
Triceratium sp. 0 333 333 0 0 1.33E+02 0.01 
Dinophyceae Alexandrium sp. 333 667 667 333 0 4.00E+02 0.02 
Dinophysis caudata 0 333 0 0 0 6.66E+01 0.00 
Diplopsaloid sp. 0 0 0 333 0 6.66E+01 0.00 
Gonyaulax spinifera 0 0 0 0 667 1.33E+02 0.01 
Gymnodinoid sp. 0 0 0 333 0 6.66E+01 0.00 
Heterocapsa pygmaea 0 16000 0 333 0 3.27E+03 0.14 
Heterocapsa rotundata 0 0 10600 10600 0 4.24E+03 0.19 
Karenia mikimotoi 0 0 0 667 0 1.33E+02 0.01 
Karlodinium veneficum 333 5300 10600 10600 1000 5.57E+03 0.24 
Karlodinium sp. 0 1000 333 667 0 4.00E+02 0.02 
Katodinium asymmetricum 0 0 333 0 0 6.66E+01 0.00 
Prorocentrum gracile 0 0 0 333 333 1.33E+02 0.01 
Prorocentrum micans 1600 1000 333 0 333 6.53E+02 0.03 
Protoperidinium divergens 0 0 0 0 333 6.66E+01 0.00 
Protoperidinium pellucidum 0 0 0 667 333 2.00E+02 0.01 
Protoperidinium pentagonum 0 0 0 0 333 6.66E+01 0.00 
Protoperdinium sp. 0 0 667 0 0 1.33E+02 0.01 
Protoperidinium spp. 0 0 0 0 1000 2.00E+02 0.01 
Scrippsielloid sp. 1600 1300 667 1600 1300 1.29E+03 0.06 
Chlorophyceae Ankistrodesmus braunii 0 1000 21300 10600 0 6.58E+03 0.29 
Cryptomonad sp. 0 10600 0 10600 32000 1.06E+04 0.46 
Pyramimonas sp. 0 5300 0 0 5300 2.12E+03 0.09 
Coccolithophyceae Calciosolenia brasiliensis 0 0 333 0 0 6.66E+01 0.00 
Coccolithophorid unidentified 0 21300 10600 10600 0 8.50E+03 0.37 
Michaelsarsia sp. 0 667 53300 42600 0 1.93E+04 0.84 
Cyanophyceae Chroococcus sp. 0 0 667 0 0 1.33E+02 0.01 
Johannesbaptistia pellucida 0 0 0 9600 32000 8.32E+03 0.36 
Trichodesmium erythraeum F/L 0 0 0 0 5300 1.06E+03 0.05 
Euglenophyceae Eutreptia lanowii 0 333 0 667 0 2.00E+02 0.01 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 0 0 0 0 333 6.66E+01 0.00 
Ungrouped Taxa Microphytoflagellates 42600 10600 21300 138600 26600 4.79E+04 2.09 
Taxonomic Group Species ENP13 ENP14 ENP15 ENP16 ENP17 Average
Percent 
Totak
Picoplankton Phycoerythrin 62500 166700 361100 224400 60200 1.75E+05 7.64 
Phycocyanin 1026000 1326400 888900 1089700 879600 1.04E+06 45.53 
Bacillariophyceae Amphiprora sp. 10600 0 0 0 0 2.12E+03 0.09 
Amphora sp. 0 1000 667 333 1300 6.60E+02 0.03 
Asterionellopsis glacialis 1000 0 0 0 0 2.00E+02 0.01 
Bacillaria paxillifera 0 4000 0 0 0 8.00E+02 0.03 
Biddulphia tomeyi 0 0 0 333 0 6.66E+01 0.00 
Campylosira sp. 0 333 667 0 0 2.00E+02 0.01 
Cerataulina pelagica 0 0 0 53300 0 1.07E+04 0.47 
Chaetoceros heterovalvatus 0 333 0 333 0 1.33E+02 0.01 
Chaetoceros neogracile 10600 333 53300 85300 26600 3.52E+04 1.54 
Chaetoceros pendulus 333 0 0 21300 5300 5.39E+03 0.24 
Chaetoceros pseudocurvisetus 0 0 0 1000 0 2.00E+02 0.01 
Chaetoceros sp. 10600 0 0 0 0 2.12E+03 0.09 
Chaetoceros spp. 0 5300 597300 416000 112000 2.26E+05 9.88 
Chaetoceros subtilis 4000 21300 21300 0 1000 9.52E+03 0.42 
Cocconeis sp. 667 1600 10600 1300 5300 3.89E+03 0.17 
Coscinodiscus sp. 0 0 333 333 0 1.33E+02 0.01 
Cyclotella choctawhatcheana 42600 0 0 0 0 8.52E+03 0.37 
Dactyliosolen fragilissimus 0 0 10600 10600 16000 7.44E+03 0.33 
Diploneis sp. 0 5300 0 333 1000 1.33E+03 0.06 
Eunotogramma marinum 0 333 333 0 0 1.33E+02 0.01 
Guinardia striata 21300 0 0 0 0 4.26E+03 0.19 
Gyrosigma sp. 2300 1300 2600 1300 1000 1.70E+03 0.07 
Haslea wawrikae 0 0 667 1000 667 4.67E+02 0.02 
Leptocylindrus danicus 21300 0 96000 64000 26600 4.16E+04 1.82 
Leptocylindrus minimus 181300 5300 0 42600 0 4.58E+04 2.00 
Melosira moniliformis 0 0 0 667 1000 3.33E+02 0.01 
Naviculoid sp. 64000 16000 42600 64000 0 3.73E+04 1.63 
Nitzschia closterium 192000 149300 224000 170600 80000 1.63E+05 7.13 
Nitzschia longissima 10600 333 1000 1300 333 2.71E+03 0.12 
Paralia sulcata 0 1300 333 0 0 3.27E+02 0.01 
Phaeodactylon tricornutum 0 0 0 10600 0 2.12E+03 0.09 
Plagiotropis sp. 1300 1600 1600 333 667 1.10E+03 0.05 
Pleurosigma angulatum 0 0 3300 1600 1000 1.18E+03 0.05 
Pleurosigma sp. 10600 10600 0 0 5300 5.30E+03 0.23 
Pseudo-nitzschia brasiliana 160000 53300 32000 32000 8300 5.71E+04 2.50 
Pseudo-nitzschia pungens 2600 0 0 0 0 5.20E+02 0.02 
Pseudo-nitzschia spp. 85300 5300 1600 106600 16000 4.30E+04 1.88 
Rhizosolenia pungens 10600 5300 149300 106600 21300 5.86E+04 2.56 
Rhizosolenia setigera 10600 1300 1600 21300 2300 7.42E+03 0.32 
Skeletonema costatum 0 3000 0 0 0 6.00E+02 0.03 
Thalassionema bacillare 21300 10600 32000 23600 48000 2.71E+04 1.18 
Thalassionema nitzschioidies 0 0 3600 6000 10600 4.04E+03 0.18 
Thalassiosira spp. <10µm 96000 37300 42600 106600 16000 5.97E+04 2.61 
Thalassiosira spp. >10µm 117300 53300 53300 53300 69300 6.93E+04 3.03 
Triceratium sp. 0 333 333 0 0 1.33E+02 0.01 
Dinophyceae Alexandrium sp. 333 667 667 333 0 4.00E+02 0.02 
Dinophysis caudata 0 333 0 0 0 6.66E+01 0.00 
Diplopsaloid sp. 0 0 0 333 0 6.66E+01 0.00 
Gonyaulax spinifera 0 0 0 0 667 1.33E+02 0.01 
Gymnodinoid sp. 0 0 0 333 0 6.66E+01 0.00 
Heterocapsa pygmaea 0 16000 0 333 0 3.27E+03 0.14 
Heterocapsa rotundata 0 0 10600 10600 0 4.24E+03 0.19 
Karenia mikimotoi 0 0 0 667 0 1.33E+02 0.01 
Karlodinium veneficum 333 5300 10600 10600 1000 5.57E+03 0.24 
Karlodinium sp. 0 1000 333 667 0 4.00E+02 0.02 
Katodinium asymmetricum 0 0 333 0 0 6.66E+01 .00 
Prorocentrum gracile 0 0 0 333 333 1.33E+02 .01 
Pro ocentrum mic ns 16 0 10 0 333 0 333 6.53E+02 .03 
Protoperidinium divergens 0 0 0 0 333 6.66E+01 .00 
Protoper dinium pellucidum 0 0 0 667 333 2.00E+02 .01 
Protoperidinium pentagonum 0 0 0 0 333 6.66E+01 .00 
Protoperdinium sp. 0 0 667 0 0 1.33E+02 0.01 
Protoperidinium spp. 0 0 0 0 1000 2.00E+02 0.01 
Scrippsielloid sp. 1600 1300 667 1600 1300 1.29E+03 0.06 
Chlorophyceae Ankistrodesmus braunii 0 1000 21300 10600 0 6.58E+03 0.29 
ryptomonad sp. 0 10600 0 10600 32000 1.06E+04 0.46 
Pyramimonas sp. 0 5300 0 0 5300 2.12E+03 0.09 
Coccolithophyceae Calciosolenia brasiliensis 0 0 333 0 0 6.66E+01 0.00 
Coccolithophorid unidentified 0 21300 10600 10600 0 8.50E+03 0.37 
Michaelsarsia sp. 0 667 53300 42600 0 1.93E+04 0.84 
Cyanophyceae Chroococcus sp. 0 0 667 0 0 1.33E+02 0.01 
Johannesbaptistia pellucida 0 0 0 9600 32000 8.32E+03 0.36 
Trichodesmium erythraeum F/L 0 0 0 0 5300 1.06E+03 0.05 
Euglenophyceae Eutreptia lanowii 0 333 0 667 0 2.00E+02 0.01 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 0 0 0 0 333 6.66E+01 0.00 
Ungrouped Taxa Microphytoflagellates 42600 10600 21300 138600 26600 4.79E+04 2.09 
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Table B.3.  Marine microbe taxonomy for samples collected on April 18, 2015.  Cell counts 
in cells L-1.  ENP05 = ENP19 (edge water), ENP12 = ENP18 (outside water). 
 
Taxonomic Group Species W02 W03 W04 ENP 5 W01 ENP 12 Average 
Percent 
Total 
Picoplankton Phycoerythrin 472000 3555600 3900000 3533300 1469000 2533300 2.58E+06 33.37 
Phycocyanin 7583300 2028000 600000 800000 698000 1566600 2.21E+06 28.65 
Bacillariophyceae Amphiprora sp. 1000 0 0 0 0 0 1.67E+02 0.00 
Amphora sp. 0 0 23300 0 35000 23300 1.36E+04 0.18 
Asterionellopsis glacialis 0 0 0 0 0 0 0.00E+00 0.00 
Bacillaria paxillifera 0 0 0 0 2300 0 3.83E+02 0.00 
Chaetoceros spp. 0 0 116600 58300 116600 0 4.86E+04 0.63 
Cocconeis sp. 0 11600 0 11600 0 23300 7.75E+03 0.10 
Coscinodiscus sp. 333 667 0 1000 2300 1300 9.33E+02 0.01 
Cyclotella choctawhatcheana 11600 0 0 0 0 0 1.93E+03 0.03 
Haslea wawrikae 0 0 0 11600 0 0 1.93E+03 0.03 
Naviculoid sp. 17600 6000 23300 35000 11600 0 1.56E+04 0.20 
Nitzschia closterium 0 0 0 11600 0 0 1.93E+03 0.03 
Nitzschia sp. 6000 11600 23300 0 11600 0 8.75E+03 0.11 
pennate 10-20 mm 6000 0 0 11600 23300 23300 1.07E+04 0.14 
Pleurosigma angulatum 0 0 667 0 0 0 1.11E+02 0.00 
Pseudo-nitzschia spp. 0 0 0 0 0 2300 3.83E+02 0.00 
Rhizosolenia pungens 0 0 0 667 667 333 2.78E+02 0.00 
Thalassiosira spp. <10µm 700000 2276000 1318300 3033000 3383000 851600 1.93E+06 24.95 
Dinophyceae Alexandrium sp. 0 0 0 0 0 23300 3.88E+03 0.05 
dinocyst 0 0 333 0 0 0 5.55E+01 0.00 
dinoflagellate unidentified 0 0 0 23300 0 23300 7.77E+03 0.10 
Gonyaulax spinifera 667 333 0 0 0 0 1.67E+02 0.00 
Gymnodinoid sp. 0 0 0 0 11600 0 1.93E+03 0.03 
Gyrodinium pingue 333 0 0 0 0 0 5.55E+01 0.00 
Gyrodinium sp. 0 0 23300 11600 11600 11600 9.68E+03 0.13 
Heterocasa minima 11600 11600 23300 11600 0 0 9.68E+03 0.13 
Heterocapsa rotundata 0 0 11600 0 0 11600 3.87E+03 0.05 
Karlodinium veneficum 11600 11600 0 0 0 0 3.87E+03 0.05 
Karlodinium sp. 0 0 0 0 0 11600 1.93E+03 0.03 
Prorocentrum scutellum 6000 0 0 0 0 0 1.00E+03 0.01 
Protoperidinium pellucidum 333 333 0 0 0 0 1.11E+02 0.00 
Protoperdinium sp. 0 333 0 0 0 667 1.67E+02 0.00 
Scrippsielloid sp. 0 0 11600 0 0 11600 3.87E+03 0.05 
Chlorophyceae Cryptomonad sp. 29600 11600 163300 303300 175000 105000 1.31E+05 1.70 
Coccolithophyceae Calciopappus sp. 6000 6000 0 0 0 0 2.00E+03 0.03 
coccolithophorid unidentified 0 11600 0 0 0 0 1.93E+03 0.03 
Haptophyceae Haptophyte sp. 0 0 23300 0 0 23300 7.77E+03 0.10 
Euglenophyceae Euglenoid sp. 333 0 0 0 0 0 5.55E+01 0.00 
Prasinophyceae/
Chlorophytes Pachysphaera sp. 0 0 93300 23300 11600 11600 2.33E+04 0.30 
Pseudoscourfieldia marina 6000 0 93300 140000 35000 11600 4.77E+04 0.62 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 0 667 0 0 0 0 1.11E+02 0.00 
Ungrouped Taxa microphytoflagellates 204000 157600 151600 1190000 956600 1073300 6.22E+05 8.06 
Filosa Paulinella ovalis 6000 11600 0 0 0 11600 4.87E+03 0.06 
Choanoflagellates 0 0 0 0 23300 0 3.88E+03 0.05 
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Table B.3. (continued) 
 
Taxonomic Group Species W02 W03 W04 ENP 5 W01 ENP 12 Average 
Percent 
Total 
Picoplankton Phycoerythrin 472000 3555600 3900000 3533300 1469000 2533300 2.58E+06 33.37 
Phycocyanin 7583300 2028000 600000 800000 698000 1566600 2.21E+06 28.65 
Bacillariophyceae Amphiprora sp. 1000 0 0 0 0 0 1.67E+02 0.00 
Amphora sp. 0 0 23300 0 35000 23300 1.36E+04 0.18 
Asterionellopsis glacialis 0 0 0 0 0 0 0.00E+00 0.00 
Bacillaria paxillifera 0 0 0 0 2300 0 3.83E+02 0.00 
Chaetoceros spp. 0 0 116600 58300 116600 0 4.86E+04 0.63 
Cocconeis sp. 0 11600 0 11600 0 23300 7.75E+03 0.10 
Coscinodiscus sp. 333 667 0 1000 2300 1300 9.33E+02 0.01 
Cyclotella choctawhatcheana 11600 0 0 0 0 0 1.93E+03 0.03 
Haslea wawrikae 0 0 0 11600 0 0 1.93E+03 0.03 
Naviculoid sp. 17600 6000 23300 35000 11600 0 1.56E+04 0.20 
Nitzschia closterium 0 0 0 11600 0 0 1.93E+03 0.03 
Nitzschia sp. 6000 11600 23300 0 11600 0 8.75E+03 0.11 
pennate 10-20 mm 6000 0 0 11600 23300 23300 1.07E+04 0.14 
Pleurosigma angulatum 0 0 667 0 0 0 1.11E+02 0.00 
Pseudo-nitzschia spp. 0 0 0 0 0 2300 3.83E+02 0.00 
Rhizosolenia pungens 0 0 0 667 667 333 2.78E+02 0.00 
Thalassiosira spp. <10µm 700000 2276000 1318300 3033000 3383000 851600 1.93E+06 24.95 
Dinophyceae Alexandrium sp. 0 0 0 0 0 23300 3.88E+03 0.05 
dinocyst 0 0 333 0 0 0 5.55E+01 0.00 
dinoflagellate unidentified 0 0 0 23300 0 23300 7.77E+03 0.10 
Gonyaulax spinifera 667 333 0 0 0 0 1.67E+02 0.00 
Gymnodinoid sp. 0 0 0 0 11600 0 1.93E+03 0.03 
Gyrodinium pingue 333 0 0 0 0 0 5.55E+01 0.00 
Gyrodinium sp. 0 0 23300 11600 11600 11600 9.68E+03 0.13 
Heterocasa minima 11600 11600 23300 11600 0 0 9.68E+03 0.13 
Heterocapsa rotundata 0 0 11600 0 0 11600 3.87E+03 0.05 
Karlodinium veneficum 11600 11600 0 0 0 0 3.87E+03 0.05 
Karlodinium sp. 0 0 0 0 0 11600 1.93E+03 0.03 
Prorocentrum scutellum 6000 0 0 0 0 0 1.00E+03 0.01 
Protoperidinium pellucidum 333 333 0 0 0 0 1.11E+02 0.00 
Protoperdinium sp. 0 333 0 0 0 667 1.67E+02 0.00 
Scrippsielloid sp. 0 0 11600 0 0 11600 3.87E+03 0.05 
Chlorophyceae Cryptomonad sp. 29600 11600 163300 303300 175000 105000 1.31E+05 1.70 
Coccolithophyceae Calciopappus sp. 6000 6000 0 0 0 0 2.00E+03 0.03 
coccolithophorid unidentified 0 11600 0 0 0 0 1.93E+03 0.03 
Haptophyceae Haptophyte sp. 0 0 23300 0 0 23300 7.77E+03 0.10 
Euglenophyceae Euglenoid sp. 333 0 0 0 0 0 5.55E+01 0.00 
Prasinophyceae/
Chlorophytes Pachysphaera sp. 0 0 93300 23300 11600 11600 2.33E+04 0.30 
Pseudoscourfieldia marina 6000 0 93300 140000 35000 11600 4.77E+04 0.62 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 0 667 0 0 0 0 1.11E+02 0.00 
Ungrouped Taxa microphytoflagellates 204000 157600 151600 1190000 956600 1073300 6.22E+05 8.06 
Filosa Paulinella ovalis 6000 11600 0 0 0 11600 4.87E+03 0.06 
Choanoflagellates 0 0 0 0 23300 0 3.88E+03 0.05 
Taxonomic Group Species W02 W03 W04 ENP 5 W01 ENP 12 Average
Percent 
Total
Picoplankton Phycoerythrin 472000 3555600 3900000 3533300 1469000 2533300 2.58E+06 33.37 
Phycocyanin 7583300 2028000 600000 800000 698000 1566600 2.21E+06 28.65 
Bacillariophyceae Amphiprora sp. 1000 0 0 0 0 0 1.67E+02 0.00 
Amphora sp. 0 0 23300 0 35000 23300 1.36E+04 0.18 
Asterionellopsis glacialis 0 0 0 0 0 0 0.00E+00 0.00 
Bacillaria paxillifera 0 0 0 0 2300 0 3.83E+02 0.00 
Chaetoceros spp. 0 0 116600 58300 116600 0 4.86E+04 0.63 
Cocconeis sp. 0 11600 0 11600 0 23300 7.75E+03 0.10 
Coscinodiscus sp. 333 667 0 1000 2300 1300 9.33E+02 0.01 
Cyclotella choctawhatcheana 11600 0 0 0 0 0 1.93E+03 0.03 
Haslea wawrikae 0 0 0 11600 0 0 1.93E+03 0.03 
Naviculoid sp. 17600 6000 23300 35000 11600 0 1.56E+04 0.20 
Nitzschia closterium 0 0 0 11600 0 0 1.93E+03 0.03 
Nitzschia sp. 6000 11600 23300 0 11600 0 8.75E+03 0.11 
pennate 10-20 mm 6000 0 0 11600 23300 23300 1.07E+04 0.14 
Pleurosigma angulatum 0 0 667 0 0 0 1.11E+02 0.00 
Pseudo-nitzschia spp. 0 0 0 0 0 2300 3.83E+02 0.00 
Rhizosolenia pungens 0 0 0 667 667 333 2.78E+02 0.00 
Thalassiosira spp. <10µm 700000 2276000 1318300 3033000 3383000 851600 1.93E+06 24.95 
Dinophyceae Alexandrium sp. 0 0 0 0 0 23300 3.88E+03 0.05 
dinocyst 0 0 333 0 0 0 5.55E+01 0.00 
dinoflagellate unidentified 0 0 0 23300 0 23300 7.77E+03 0.10 
Gonyaulax spinifera 667 333 0 0 0 0 1.67E+02 0.00 
Gymnodinoid sp. 0 0 0 0 11600 0 1.93E+03 0.03 
Gyrodinium pingue 333 0 0 0 0 0 5.55E+01 0.00 
Gyrodinium sp. 0 0 23300 11600 11600 11600 9.68E+03 0.13 
Heterocasa minima 11600 11600 23300 11600 0 0 9.68E+03 0.13 
Heterocapsa rotundata 0 0 11600 0 0 11600 3.87E+03 0.05 
Karlodinium veneficum 11600 11600 0 0 0 0 3.87E+03 0.05 
Karlodinium sp. 0 0 0 0 0 11600 1.93E+03 0.03 
Prorocentrum scutellum 6000 0 0 0 0 0 1.00E+03 0.01 
Protoperidinium pellucidum 333 333 0 0 0 0 1.11E+02 0.00 
Protoperdinium sp. 0 333 0 0 0 667 1.67E+02 0.00 
Scrippsielloid sp. 0 0 11600 0 0 11600 3.87E+03 0.05 
Chlorophyceae Cryptomonad sp. 29600 11600 163300 303300 175000 105000 1.31E+05 1.70 
Coccolithophyceae Calciopappus sp. 6000 6000 0 0 0 0 2.00E+03 0.03 
coccolithophorid unidentified 0 11600 0 0 0 0 1.93E+03 0.03 
Haptophyceae Haptophyte sp. 0 0 23300 0 0 23300 7.77E+03 0.10 
Euglenophyceae Euglenoid sp. 333 0 0 0 0 0 5.55E+01 0.00 
Prasinophyceae/
Chlorophytes Pachysphaera sp. 0 0 93300 23300 11600 11600 2.33E+04 0.30 
Pseudoscourfieldia marina 6000 0 93300 140000 35000 11600 4.77E 04 0.62 
Silicoflagellates/
Ebriophyceae Hermesinum adriaticum 0 667 0 0 0 0 1.11E+02 0.00 
Ungrouped Taxa microphytoflagellates 204000 157600 151600 1190000 956600 1073300 6.22E+05 8.06 
Filosa Paulinella ovalis 6000 11600 0 0 0 11600 4.87E+03 0.06 
Choanoflagellates 0 0 0 0 23300 0 3.88E 03 0.05 
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Table B.4.  Carbonate parameters of inside whiting water (W01 & W02), contigious 
(ENP05), and outside water (ENP12). 
 
Whiting 
condition: 
W01 
(inside) 
W02 
(inside) 
ENP19 
(edge) 
ENP18 
(outside) 
TCO2 (µmol/kg) 2190.6 2252.2 2195.3 2378.7 
pH 8.026 8.031 8.013 8.018 
pCO2 (µatm) 449.7 456.0 467.2 497.4 
TA (µmol/kg) 
 
2480.5 2550.1 2486.7 2683.5 
fCO2 (µmol/kg) 448.2 454.5 465.6 495.8 
HCO3 (µmol/kg) 1966.2 2020.2 1969.2 2136.6 
CO3 (µmol/kg) 210.8 218.1 212.3 227.0 
CO2 (µmol/kg) 13.6 13.9 13.8 15.0 
BT (µmol/kg) 87.9 88.7 87.6 87.9 
OH (µmol/kg) 5.0 5.0 5.3 5.0 
Calcite (Ω) 4.99 5.15 5.03 5.35 
Aragonite (Ω) 3.26 3.37 3.30 3.51 
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